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ABSTRACT 
 I 
ABSTRACT 
This work is devoted to the investigation of the magnetic field effect on the
magnetic properties and solidification behavior of undercooled Co based alloys in 
high magnetic field. Co based alloys are promising candidates to be undercooled 
below or approaching their Curie point in strong magnetic field due to their small  
temperature difference between liquid line and Curie point. In this dissertation, a high 
temperature undercooling facility with magnetization measurement system is built in 
a superconducting magnet, and is used for in situ measurement of the magnetization 
of the undercooled melts and to studying the undercoolability and solidification 
microstructure evolution in magnetic field. The deep undercooled Co melt is strongly
magnetized in magnetic fields, and its magnetization is even larger than the 
magnetization of heated solid at the same temperature. The magnetization of 
undercooled Co-B near eutectic alloy is related with overheating temperature while 
the undercooled Co-Sn melt is always in paramagnetic state. Mean undercooling and 
recalescence extent of different metals and alloys are affected by external magnetic
field. In uniform magnetic field, the undercooling of Cu is enhanced while the 
undercoolings of Co and Co-Sn keep constant. However, the recalescence extents of 
Co and Co-Sn alloys are reduced, and with the increasing Co content, the effect 
becomes larger. Magnetic field promotes the precipitation of DCo dendrite phase and 
the formation of anomalous eutectics in solidified microstructure of undercooled 
Co-Sn alloys. The microstructure evolution processes are affected by magnetic field 
depending on the field intensity and undercooling. This work opens a new way to 
investigate the magnetic properties of deeply undercooled metallic melts and 
non-equilibrium solidification in strong magnetic fields.
 
 
 
 
 
 
 
 
 
 
 
ABSTRACT 
 II 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Résumé 
 III 
Résumé 
Ce travail est dédié à l’étude de l’effet des champs magnétiques sur les propriétés 
magnétiques et le comportement à la solidification d’alliages à base de Cobalt en 
surfusion sous champ magnétique intense. Les alliages à base Co sont d’excellents 
candidats pour obtenir une surfusion en dessous ou proche du point de Curie sous 
champ intense en raison du faible écart entre ce point de Curie et la température du 
liquidus. Dans cette étude, un dispositif haute température de surfusion intégrant une 
mesure magnétique a été construit dans un aimant supraconducteur, et est utilisé pour 
la mesure in situ de l’aimantation de liquides surfondus et pour l’étude du 
sur-refroidissement et de l’évolution de la microstructure de solidification en champ 
intense. Le cobalt liquide en surfusion est fortement magnétique sous champ, et son 
aimantation est même supérieure à celle du solide au chauffage à la même 
température. L’aimantation de l’alliage proche eutectique Co-B en surfusion dépend 
de la température de surchauffe, tandis que le Co-Sn en surfusion est toujours 
paramagnétique. La surfusion moyenne et l’étendue de la recalescence de différents 
métaux et alliages est affectée par un champ externe. En champ magnétique uniforme, 
la surfusion du Cuivre est amplifiée, tandis que la surfusion du Cobalt et de Co-Sn 
reste identique. Cependant, l’étendue de la recalescence du Cobalt et de Co-Sn est 
réduite, et l’effet est d’autant plus important pour des teneurs supérieures en Cobalt.
Le champ magnétique promeut la précipitation de la phase dendritique DCo et la 
formation d’eutectique anormal dans la microstructure des alliages Co-Sn surfondus. 
Les processus d’évolution de la microstructure sont affectés par le champ magnétique, 
et dépendent de l’intensité du champ et de la surfusion. Ce travail offre de nouveaux 
horizons dans l’étude des propriétés magnétiques d’alliages métalliques en forte 
surfusion et dans l’étude de la solidification hors équilibre sous champ magnétique 
intense. 
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CHAPTER 1 INTRODUCTION
1.1 General review
With the development of cryogenic and superconducting technologies, it is quite 
easy to generate high static magnetic fields above 10T by using cryogen-free 
superconducting magnets, which can be used for a long term without filling with 
expensive liquid helium to obtain 4K or lower temperature [COEY09, WEB1]. Thus, 
the application of cryogen-free superconducting magnet has reduced the cost for 
maintain high magnetic field and greatly promoted the application of magnetic fields 
in advanced materials processing, and also in the research of fundamental magneto 
science. 
Magnetic field, especially for high magnetic field, as clean, powerful and 
non-contacting energy, has received much attention in material processing area, as it
can act on atomic behaviors and affect such as atom arrangement, matching and 
migration and changes the thermodynamic state of materials hence exert powerful 
influence on microstructures and properties of materials [BUSC03]. As an extreme 
processing method, magnetic fields were firstly used in physical research and now 
gradually developed to be used in chemistry, biology, and materials science, etc.
The application of magnetic field on materials processing has been a subject of 
much attention since two decades, and becomes a new direction of materials science-
electromagnetic processing of materials (EPM). Present research indicates that the 
application of magnetic field can change the thermodynamic state of phase transitions 
of materials and influence the phase transformation process [GARC10]. In solid state 
phase transitions, heat treatment under the magnetic field can change the morphology 
of the microstructure [MOLO04, XION08]. For crystal with magneto anisotropy, the 
grain can be aligned when heat treated under magnetic field, and can make bulk 
textured materials [DERA91, RIVO09]. Very recently, the solidification of materials 
under magnetic field has become a hot topic. The solidification process has great 
importance on the final properties, and the application of magnetic field in the 
solidification process can change the morphology, distribution and growth velocity of 
the precipitated phases and obtain in-situ formed composites, gradient materials and 
anisotropic materials with unique structure and excellent properties [BAN08,
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CHEN11, LI09a, LIU11b, REN06, SAVI81, TOUR00, YASU01]. Non-equilibrium 
solidification is a very important research area and has many potential applications. 
Due to the limitation of the experimental facilities, the non-equilibrium solidification 
under magnetic field has been little investigated. Deep investigation on the magnetic 
properties of undercooled melt, undercoolability, and microstructures of undercooled 
melt solidified under strong magnetic field is an essential way for underlying the 
mechanism of solidification of deep cooled melt under strong magnetic field.
1.2 Materials processing under strong magnetic field
1.2.1 Texture of materials under strong magnetic field
The grain of materials tends to align along the easy magnetization axis, which is 
the typical characteristic of the magnetic field effect during heat treatment. It is rather 
mature for the investigation of texture mechanism under magnetic field, and the 
magneto crystalline anisotropy is attributed to account for this. Under high magnetic 
field, even non-ferromagnetic materials can be textured during the solidification 
process, indicating the magnetic field can be used to control the morphology of the 
solidified crystal. In 1981, Savitsky et al [SAVI81] found that the MnBi phase aligned 
along the magnetic field direction during solidification of Bi–Mn alloy in a 2.5T 
magnetic field, and magnetocrystalline anisotropy was the main reason according to 
magnetic property measurements. De Rango et al. [DERA91] extended the 
investigation to the solidification of paramagnetic YBa2Cu3O7 material and obtained 
texture crystal structure in a 5T magnetic field, seen in Fig 1-1. Asai [ASAI89] found 
MnBi phase precipitated along the direction of the magnetic field in MnBi alloy while 
perpendicular alignments in Al-Si-Fe alloy during solidification in a high magnetic 
field. Based on the traditional magneto theory, Asai, et al. [ASAI07] incorporated 
magnetization energy to describe the texture behavior under magnetic field. There are 
three conditions required for texturing for non-ferromagnetic materials: the crystal 
must have magnetocrystalline anisotropy, the magnetocrystalline energy must be 
larger than the thermal fluctuation energy and constrain of medium must be weak 
enough for the rotation of the crystal even with weak magnetization energy.
Most recently, some new valuable experiment results have been found which can 
be used as new theories or just enrich the old ones. For example, based on the 
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investigation of texturing of different materials under magnetic field, R. Tournier 
believed that there exist unmelted crystals with magnetocrystalline anisotropy in the 
melt which play a very important role on the texturing process. With the finding of 
new results and introducing of new experimental methods, we believe that the 
texturing theory will be further developed in the future.
Fig 1-1 Textured YBa2Cu3O7 solidified under 5T magnetic field [DERA91]
1.2.2 Controlling the melt flow by strong magnetic field
The flow in the alloy melt can affect the transfer of heat and solute, and influence
the crystal growth process. Due to the temperature gradient and concentration gradient, 
the density difference in different zone can generate convection flow under gravity 
field. When the magnetic field is applied, the Lorentz force generated by 
electromagnetic introduction can damp the convection process. In 1953, when Tiller 
et al. [TILL53] proposed the famous constitutional undercooling theory, they pointed 
out that alloys solidified under strong magnetic field can eliminate the solute 
distribution in the solidification interface front caused by convection, and formed 
homogeneous material. In 1966, Utech and Flemings [UTEC66] eliminated the solute 
band in semiconductor single crystal by restraining the convection flow with magnetic 
field, and evidently decreased the macrosegregation during the growth of the 
semiconductor single crystal. In 1983, Oreper and Szekely [OREP83] found that the 
intensity of the magnetic field determined the suppression effect of nature convection, 
and also the size and shape of the system also played a very important role. In 1990, 
by investigation of the unidirectional solidification of doped semiconductor, Motakel
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[MOTA90] estimated the general relationship between diffusion controlled growth 
and magnetic field intensity. Then, Kang et al [KANG94a, KANG94b] found the 
Lorentz force was very small when the convection effect was very weak under 
magnetic field, and the effect of magnetic field on suppressing the convection was 
very weak. In this case, low convection model should be used to describe the 
convection in magnetic field. Based on the present results, we can find that the 
magnetic field has complicated effect on the solute distribution, and the suppressing 
mechanism may be different for different system and magnetic field.
Except for the suppression effect of magnetic field on the melt convection, it can 
also induce the flow of the melt. In 1993, Moreau et al. [MORE93] found the 
dendrites became coarse when 0.55T magnetic field was applied in the unidirectional 
solidification of Bi-Sn alloy, and they introduced thermoelectric effects to explain this 
variation. Tewari et al. [TEWA94] found the same effect and the cellular 
microstructures were severely distorted when 0.45T magnetic field was applied 
during the unidirectional solidification of Pb-Sn alloys. Li et al. [LI09b] found a low 
magnetic field can reduce thermal electromagnetic flow in unidirectional 
solidification process by numerical simulation, and found magnetic field can cause the 
interface instability and form ring like microstructure by protuberance in the interface 
in the unidirectional solidification of Al-Cu alloy (seen in Fig 1-2).
Fig 1-2 Solidified microstructure of Al-0.85wt.%Cu alloy in the mush zone [LI09b]
1.2.3 Phase transitions under strong magnetic field
The same as temperature and pressure, as an extreme physical means, strong 
magnetic field can affect the phase transition process of materials, especially for the 
phase transitions accompanied with large magnetic susceptibility difference or 
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ferromagnetic phase transitions. The present investigation of the effect of magnetic 
field on phase transition process mainly focuses on the solid state phase transition 
process of austenite/martensite, including effect of magnetic field on equilibrium 
phase diagram [KOCH00], formation of martensite [FUKU09], and decomposition 
kinetics of austenite [GARC10], the texturing and elongation effect of ferrite grain 
during heat treatment in magnetic field [ZHAN05], the phase structure variation by 
magnetic field treatment, e.g. the microstructure of bainite and martensite without 
magnetic field will transform to fine grained bainite microstructure in strong magnetic 
field [GARC09].
Because of the large magnetic susceptibility difference of martensite 
(ferromagnetic) and austenite (paramagnetic), martensite undergoes much more effect 
by external magnetic field. Using molecular theory, Joo et al [JOO00, JOO04] has 
calculated the effect of strong magnetic field on phase diagram of Fe-Fe3C, seen in
Fig 1-3, the results indicated that austenite/ferrite transition temperature increased 
with the increasing magnetic field intensity and phase transition temperature increased 
20qC by 12T magnetic field. By building thermal expansion measurement facilities in 
strong magnetic field, Garcin et al [GARC09] found the austenite/ferrite transition 
temperature increased linearly with the external magnetic field in Fe-C-Mn alloys, 
and the volume fraction of ferrite increased under external magnetic field. Kakeshita 
et al [KAKE85] found strong magnetic field promoted martensite transformation, and 
impulse magnetic field accelerated the martensite transition in Fe-24.9Ni-3.9Mn alloy, 
and reduced the nose temperature of the TTT diagram and shortened the incubation 
time.
1.2.4 Levitation of diamagnetic materials in strong magnetic 
field
Gradient field generated by strong magnetic field can levitate diamagnetic 
material, which was an important finding in materials processing in magnetic field. In 
1991, Beaugnon et al [BEAU91] firstly found the levitation effect of diamagnetic 
material in high magnetic fields. In levitation state, the magnetic force exerted on the
levitation medium is in equilibrium with gravity, e.g. the levitated frog and strawberry
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Fig 1-3 Fe-C phase diagUDPDVVRFLDWHGZLWKWKHȖĮDQGȖ)H3C transformation for various applied 
magnetic fields [JOO00]
shown in Fig 1-4. For the matter in levitation state, magnetic field can take effect on 
its every atom or molecular, which means the matter can be treated in a zero gravity 
state. Thus, this effect can be used as a new technique in materials processing, e.g. 
container free crystal growth, which can prevent the contamination of the pollutions 
from the container and can also avoid the solute segregation caused by the gravity 
force.
Fig 1-4 Magnetic field levitation of (a) a strawberry and (b) a frog 
The magnetic field can also generate other effects for diamagnetic materials. N. 
Hirota et al [HIRO95] found rise and fall of surface level of diamagnetic water 
solutions in high magnetic field, exhibiting wave like arrangement, and this effect was 
called Moses effect (Seen from Fig 1-5). Westeon et al [WEST10] found the surface 
morphology changed during dissolve process of bluestone into water in 
non-homogeneous magnetic field, and this effect was due to the magnetic 
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susceptibility difference caused by solute concentration variations on the surface in 
magnetic field. 
Fig 1-5 Rise and fall of surface level of water solutions in high magnetic field [HIRO95].
1.3 Solidification behavior under strong magnetic field
The solidification process of materials plays an important role in determination of 
final microstructure and properties. The effect of magnetic field on the solidification 
process is always stronger than solid state transformation process. Except for 
controlling melt flow, changing the solute distribution profile during solidification,
strong magnetic field can also take strong effects on changing phase transition 
temperature, and solidified microstructure.
1.3.1 Effect of magnetic field on the solidification 
thermodynamics
Strong magnetic field can exert intense magnetic energy to atomic or molecular 
scale of matters without contamination, and changes the thermodynamic state. The 
thermodynamic effect of application of magnetic field is the magnetic Gibbs energy 
exerted on the system. No matter for pure metal or alloys, for the solidification 
process from liquid to solid, the magnetic properties variation between liquid and 
solid phase suggests magnetic field can change the thermodynamic equilibrium of the 
solidification process. Fig 1-6 is schematic diagram for the Gibbs free energy of 
transitions containing ferromagnetic phase. The application of magnetic field 
increases the driving force for phase transition, and shifts the phase transition point to 
high temperature range.
The total Gibbs free energy ('Gtotal) of pure metals or alloys in strong magnetic 
field can be expressed as:
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Fig 1-6 Schematic free energy-temperature diagram representing the effect of magnetic field on 
the relative contribution of the chemical and the magnetic free energy with and without the 
application of external magnetic field.
magchemtotal GGG '' ' (1-1)
Where 'Gchem and 'Gmag are the chemical Gibbs free energy difference between solid 
and liquid phase per volume and external field caused Gibbs free energy difference 
per volume, respectively.
Under equilibrium condition, the melt solidifies at the melting point without 
magnetic field. When the nucleation is avoided during solidification process, the melt 
comes into undercooled state. Generally, when the undercooling is not so large, a 
linear model proposed by Turbull [TURB69] can be used to calculate Gibbs free 
energy:
E
f
chem
T
TH
G
'' ' (1-2)
When the undercooling is very large, the chemical Gibbs free energy of solidification 
process can be expressed by empirical model proposed by Dubey and 
Ramachandrarao [HERL94]:
]
6
1[
2
)(
)(
2
T
T
T
TTc
T
TH
TGG EP
E
f
LSchem
''''' ' ' (1-3)
The Gibbs free energy caused by external magnetic field can be calculated by:³  ' exH exLSmag dHMMG 0 0 )(P                                  (1-4)
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And for nonferromagnetic alloys, it can be simplified as:
2
0
2
1
ex
LS
mag HG
' ' FP
                                    
(1-5)
In case of low undercoolings, during solidification, 'Gtotal=0, and we can receive:
m
m
LS
T
H
B
T '' ' 0
2
2PF                                                        (1-6)
Where Hex, M
S
, M
LȡDQGȝ0 are the external magnetic field, magnetization of solid 
and lquid, density and vacuum magnetic permeability. And ¨ H and ¨S are enthalpy 
and entropy difference during solidification process, respectively. 
In magnetic field, equilibrium solidification temperature is affected by the 
magnetic susceptibility of solid/liquid phase. Li et al [LI10a, LI10b] has measured the 
melting point and equilibrium solidification temperature of different metals and alloys 
by building a DTA apparatus in strong magnetic field. Their results indicated that with 
the increasing magnetic field, the melting point of pure Bi and Al kept constant in 
magnetic field while the equilibrium solidification temperatures were changed by the 
magnetic field, and the equilibrium temperature for Bi increased while it decreased 
for pure Al.
1.3.2 Effect of magnetic field on the solidified microstructure 
The application of magnetic field during solidification process can directly 
control the convection flow in the melt and also affect the final solidified 
microstructure and phases. Except for the well known texture effect during 
solidification in magnetic field, many more new phenomena have been found during 
the solidification of materials these years. 
Liu et al [LIU07] have successfully fabricated MnSb/Sb–MnSb hypereutectic 
gradient composites by controlling the field gradient and cooling rate. Wang et al
[WANG09] found that the field intensity can change the solidified microstructure in 
near eutectic Mn-90.8wt%Sb alloys, their results found the solidified microstructure 
was purely eutectics without magnetic field, and MnSb/Sb precipitated in the 
solidified microstructure when 4.4T magnetic field was applied. MnSb and Sb phases 
would be precipitated at the same time when the field increased again, and the volume 
fraction of primary phase increased with the field intensity. During the investigation 
of Al-Si alloys, Liu et al [LIU11c] found strong magnetic field could reduce the space 
between secondary dendrites arms and lamellar distance, and this was due to the 
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constrain effect of magnetic field for the solute movement in the solid-liquid interface, 
which controlled the diffusion of solute atoms. X. Li et al [LI06, LI07c, LI09a] have 
introduced a unidirectional facility to a superconducting magnet, and systematically 
investigated the unidirectional solidification behavior in high magnetic field. Their 
results found that the high magnetic field caused the breakdown of a planar interface 
into cellular undulations and the formation of an irregular shape and also found the 
magnetic force and thermoelectric magnetic force were mainly responsible for the 
interface irregularity and also induced the instability of the interface.
1.4 Solidification of undercooled melt under strong magnetic 
field
1.4.1 Investigation on non-equilibrium solidification
By avoiding heterogeneous nucleation, the metallic melt can solidify at 
temperature below its equilibrium melting point, which is called undercooling 
solidification. The temperature difference between the equilibrium melting 
temperature and actual nucleation temperature is called undercooling (¨T). Once 
nucleation happens in the undercooled melt, fast solidification process starts in the 
undercooled melt, and the latent heat release speed is much larger than the heat 
release to the environment. The system is instantly heated to maximum temperature, 
TR, and this process is called recalescence. Recalescence process stops when rapid 
solidification finishes, and turns to slow cooling process. The remaining liquid 
solidifies by the slowly heat release to environment. Different from traditional rapid 
quenching technique, solidification from undercooled melt is a thermodynamic 
undercooling, which can make a bulk volume liquid solidify fast, and the 
undercooling is easy to control. This is good for deeply investigating the solidification 
microstructure evolution process with undercooling and the physical properties of
undercooled melt.
Rapid solidification from deeply undercooled melt has become a research topic 
since 1950s. Up to now, the non-equilibrium solidification theory is relatively mature. 
During the solidification process, nucleation happens first, and the driving force for 
nucleation, called Gibbs free energy, increases with the undercooling. According to 
classical nucleation theory, the static homogeneous nucleation rate in the undercooled 
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melt can be expressed as:
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Where K is a constant, determined by the physical properties of the undercooled melt, 
a is a morphology factor of crystal, and ı is the interface energy of solid/liquid 
interface. kB is the Boltzman constant. When heterogeneous nucleation happens in the 
undercooled melt, the static nucleation rate is:
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Where f(T)=[(2+cosT)(1-cosT)2/4], and T is the wetting angle between the crystal and 
the nucleation etchant.
For the undercooled melt, it takes time for the system to change, and in case of 
atomic distribution is slower than the environment variation, the nucleation kinetics 
should be considered for nucleation. Zeldovich et al [ZELD43] proposed that the 
formation of critical nucleation took some nucleation time, and nonstatic nucleation or 
kinetic nucleation happened in this system. The nucleation rate can be expressed as:
)exp(homhom
t
II st
W                                                       (1-9)
:KHUHĲLVLQFXEDWLRQWLPHIRUQXFOHDWLRQDQGt is the time.
For the undercooled melt, one stable nuclei is enough for triggering solidification 
process of the whole sample, and this process can be expressed as [CHRI03]:
1 IsVt                                                          (1-10)
Where V is volume of alloy melt for homogeneous nucleation or the whole catalytic 
surface for heterogeneous nucleation.
The static state disappears when nucleation happens in the melt, and then the 
rapid growth of crystals comes. Recently, many new theoretic models concerning free 
dendrites growth have been developed. In 1953, Chalmer proposed the famous 
constituent undercooling theory to determine the condition for planar interface growth
[TILL53]. However, incorporating the equilibrium thermodynamic theory to solve 
non-equilibrium kinetic process has intrinsic limitations. To solve this problem, using 
linear stability analysis, Mulins and Sekerka built a new theory (called MS theory) by 
considering surface tension, thermal and solute transfer difference between solid and 
liquid phase [MULL63, MULL64]. At large undercoolings, thermal diffusion length 
at the solid-liquid front is of the same order as the perturbed wave length, in this case 
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MS theory is no more suitable for the description of the stability of interface. Trivedi 
and Kurz [TRIV86] have extended MS theory to the solidification of deeply 
undercooled melt and built the absolute stability theory for planar interface growth.
For describing the dendrite growth in the undercooled melt, many models were 
proposed worldwide, and the model developed by Boettinger, Coriell and Trivedi, 
called BCT model [BOET00], was proved to fit well with experimental results and 
has been one of the most widely used model. BCT model was built based on Ivantsov 
function for description of diffusion field, minimum wave length for instable growth 
of dendrite tip, and a growth velocity dependent solute redistribution coefficient and 
liquidus line slope. According to this model, the undercooling of the dendrite tip can 
be divided into four parts:
KRCt TTTTT '''' '                                          (1-11)
Where ¨Tt is thermal undercooling, ¨TC is constituent undercooling, ¨TR is curvature 
undercooling, and ¨TK is kinetic undercooling. Tt, ¨TR and ¨TK can be expressed as:
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Where Cp is specific heat of liquid phase, Iv(Pt) is Ivantsov function (where 
Pt (5Į/ is thermal Peclet number), ȝ is the function of alloy thermo physical 
SDUDPHWHUV DQG WHPSHUDWXUH ī LV *LEEV-Thomson coefficient. According to Aziz’s 
research results [AZIZ82], considering solute trapping effect on the solute distribution 
and liquidus line slope, ¨TC can be expressed as: 
0
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Where m0 is equilibrium liquidus line slope, and Iv(PC) is Ivantsov function (where 
PC=vsR/2DL is solute Peclet number). Solute distribution coefficient and liquidus line 
slope can be expressed as:
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Thus, the total undercooling can be written in the following form˖
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The radius of the dendrite tip is:
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And the alloy composition of the solid and liquid phase in the dendrite tip can be 
written as: 
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Using the above equations, the undercooling in the dendrite tip, radius of the 
dendrite tip and solute distribution coefficient and liquidus line, and even the 
composition of the solid and liquid phases in the dendrite tip can be calculated.
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1.4.2 Effect of magnetic field on nonequilibrium 
solidification of undercooled melt
As a strong physical means, magnetic field can act on atomic scale of matters, 
and plays an important role in phase transformations. For the solidification of 
undercooled melt, the question arises whether the magnetic field can affect the 
nucleation process and determines the final microstructure has become an important 
topic, but up to now, only a few experiments have been carried out concerning to this 
area.
According to the knowledge of magnetic hydromechanics, the application of 
strong static magnetic can suppress the thermal and solute convection in the melt, and 
then can affect the nucleation process. In 1992, Hasegawa and Asai [HASE92] have 
investigated the effect of strong magnetic field on the undercoolability of pure Cu. 
Their results found that the undercooling of Cu increased when a 0.5T magnetic field
was applied, and the instability was also strengthened. In 2004, Yasuda et al
[YASU04, YASU05] built an electromagnetic levitation melting facility in a 10T 
superconducting magnet, and found static magnetic field could stabilize the 
undercooled Cu and CuAg melt while having no effect on the undercooling (seen in
Fig 1-7). For paramagnetic Ni melt, they found the melt was quite unstable and 
fluctuates in 5T magnetic field. Zhang et al [ZHAN10a, ZHAN10b] have investigated 
the undercooling behavior of Cu and Ge in magnetic field, and found that the mean 
undercooling of Cu was increased by the application of magnetic field while the mean 
undercooling of Ge was independent of magnetic field. From the above results we can 
see that it is not easy to obtain deep undercooling in the magnetic field, and the 
maximum undercooling obtained is much smaller than the undercooling obtained by 
common undercooling methods without magnetic field. Until now, there are very 
limited research results concerning the effect of magnetic field on the solidified 
microstructure of the undercooled melt.
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Fig 1-7 Undercooling of the nucleation in the copper and the Cu-1at%Ag alloys [YASU04].
1.4.3 Magnetic properties of undercooled melt
The Curie temperature, TC, of metallic materials is always bellow its liquidus line 
temperature TL. The atoms are constrained in solid state matter, thus traditional 
theories think that the long range ferromagnetic ordering is constrained only in solid
matters. Actually, the magnetic ordering has been found in liquid 
3
He. When the 
temperature is lower than 2.7mk, 
3
He forms Femi liquid, and this super liquid has the 
similar Cooper pairs, which forms two 
3
He atomic pair by BCS mechanism
[VOLL84]. If one can undercool the metallic melt below its Curie temperature, it is 
possible to obtain ferromagnetic melt. When the ferromagnetic melt is processed in a 
strong magnetic field, many unique experimental results will be found. Now, with the 
development of supercooling and superconducting technology, it is possible to 
undercool a metallic melt below its Curie point in strong magnetic field. 
Co based alloy posses excellent magnetic properties, and its Curie temperature is 
the highest among all the metallic materials, e.g. the curie temperature of Co is 1394K 
which is the highest Curie temperature among all the materials in nature. Because of 
the minimum temperature difference between the liquidus line and Curie temperature, 
ټT=TL-TC, Co based alloys are the most promising candidates for obtaining deep 
undercooling below their Curie temperature. Since the end of last century, Herlach et 
al [HERL07] in Germany have done a lot of research work for obtaining 
ferromagnetic liquids.
Whether we can obtain a ferromagnetic liquid in other systems except for 
3
He has 
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long been a controversial scientific topic. In 1968, Bush et al [BUSC68], firstly 
reported the ferromagnetic long range formation in a undercooled Au-Co melt around 
its eutectic point, and ferromagnetic behavior disappeared when the temperature was 
70 ºC above the melting point. Then Nakagawa et al [NAKA69] doubt Bush’s results, 
and by directly measuring the magnetic susceptibility of the melt, the Curie 
temperature determined for Au-Co(30 and 40 at%) were 400 and 600ºC, respectively, 
which were much lower than the melting point, indicating it was impossible to obtain 
ferromagnetic liquid above the melting point. After, based on theoretic calculations, 
many researchers [FEIJ80, HEMM77, KALA78, VaAKA84] found that 
ferromagnetic liquid can exist, when the Heisenberg ferromagnetic exchange function 
is strong enough.
In 1994, Reske et al [RESK95] firstly undercooled Co-Pd alloy below its Curie 
point using electromagnetic levitation technique, and the magnetization of Co-Pd 
undercooled melt rapidly increased when the temperature was approaching Curie 
point during cooling (seen in Fig 1-8), and the Curie temperature by extrapolating the 
data was 6 K lower than the value obtained for the solid state.
Fig 1-8 Change of the magnetization, ¨M, as a function of temperature T in the undercooled liquid 
regime for Co80Pd20 measured with a modified Faraday balance [RESK95]
Platzek et al [PLAT94] found the Co-Pd undercooled melt was attracted by 
Co-Sm hard magnet when undercooled the melt approaching Curie temperature, 
which has certified the increase of the magnetization of the liquid (seen in Fig 1-9).
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Fig 1-9 Levitated undercooled melt at at a temperature above TC (top Fig) and below TC (bottom 
Fig) close to a CoSm hard magnet [PLAT94]
Then by reducing the sample size, Albrecht [ALBR97] has succesfully 
undercooled Co-Pd melt below its Curie temperautre, and firstly observed the 
ferromagnetism in liquid of alloy melt. Herlach et al [HERL03] have investigated the 
effect of long range ferromagnetic ordering on the nucleation temperature in 
undercooled melt, and found when approaching Curie temperature, the transition from 
non-ferromagnetic to ferromagnetic could affect the energy for nucleation in 
undercooled melt. Reutzel et al [REUT04] have measured the magnetic properties of 
undercooled Co and Co-Au alloys, and found the magnetization of undercooled melt 
increased rapidly when close to the Curie temperature. Using classical nucleation 
theory, Holland-Moritz et al [HOLL04, HOLL07] found the nucleation temperature of 
Co-Pd alloys was consistent with the experimental results when the Co content was 
smaller than 70% (seen in Fig 1-10) while the theoretical nucleation temperature was 
lower than experimental temperature when Co content was higher than 70%. The 
authors have calculated the contribution of ferromagnetic transition on Gibbs free 
energy based on molecular theory, and found the calculation was in agreement with 
the experimetnal results. Their results indicated that ferromagnetic transition 
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promoted the nucleation in the undercooled melt and once close to the Curie point, the 
melt tends to crystallize. Recently, Zhou and Hu et al [ZHOU11a, ZHOU11b] have 
undercooled Co-Pd alloys to the undercooling of 415K, which is 100K below its 
Curie point, and this has brought a great challenge to the present theory on the effect 
of ferromagnetic transition on the nucleation in the undercooled melt.
Fig 1-10 The calculated nucleation temperature for undercooled Co-Pd melt without (the dashed 
gray line) and (the solid line) with taking into account the ferromagnetic transition. The triangle 
and square symbols are the experimental data [HOLL04].
1.4.4 Magnetorheological behavior for ferrofluids under 
magnetic field
It is very difficult to obtain ferromagnetic liquid, Rosensweig et al [ROSE66,
ROSE87, ROSE96] have developed ferrofluids by introducing very fine 
ferromagnetic particles into colloids. A collodidal magnetic fluid, or ferrofluid, 
consists typically of a suspension of a nanosized ferromagnetic particle in a 
nonmagnetic carrier fluid. A surfactant covering the particles prevents particle to 
particle agglomeration, and Brownian motion prevents particle sedimentation in 
gravitational or magnetic fields. Although called ferrofluid, actually they are in 
paramagnetic state, and that is because ferrofluid cannot maintain magnetism when 
the external magnetic field is removed. But due to their structure, they are in a 
superparamagnetic state. When a paramagnetic ferrofluid is submitted to a strong 
enough magnetic field, a lotus like surface morphology will be formed. This typical 
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effect is called normal field instability. The formation of peaks and valleys on the 
surface can reduce the energy caused by the magnetic field. Ferrofluid has very large 
magnetic susceptibility and even a small square hard magnet is enough to generate 
lotus like surface (seen in Fig 1-11).
Fig 1-11 Unique morphology formed for ferrofluids when close to magnetic field [WEB2].
1.5 Motivation
High magnetic field has become a new physical means for materials processing, 
especially for the solidification process in strong magnetic field, and many new 
experimental results have been found concerning to this area. Until now, the 
investigation of non-equilibrium solidification process in magnetic field was
constrained to the undercoolability, and the undercooling obtained was far from the 
maximum undercooling that can be obtained without magnetic field. The studies 
about solidification process in magnetic field only focus on small undercooling 
conditions, and the research results are mainly concerned by crystal orientation and 
phase separation. Since deep undercooling is a non-equilibrium solidification process,
it is very difficult to achieve this process in high magnetic fields. Until now, there are 
only a few research papers referring to this area and there is no report about obtaining 
the same maximum undercooling as that without magnetic field.
In strong magnetic fields, some alloys, e.g. Co based alloys, are promising
candidates to be undercooled below or approaching their Curie point. Up to the 
present, the reports are only carried out in the fields smaller than 0.5T. The 
application of strong magnetic fields (e.g.>10T) when the alloy is undercooled 
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approaching its Curie point is sure to have important affect on the formation of 
ordering structure in the melt, thus affecting the solidification process. During the 
investigation of superundercooling solidification, one can find undercooling can 
determine the final solidified microstructure. Also, the application of magnetic field in 
this process will also generate many new phenomena, especially when the 
undercooling is close to the Curie point.
Based on the above research background, in this study, we try to build an
undercooling platform in a superconducting magnet, using glass fluxing and 
combining cyclic heating method to achieve deep undercooled Co based alloy melts. 
Then, we investigate magnetic field intensity and gradient on the undercoolability of 
Co based alloys. Using a modified Faraday balance, the magnetization measurement 
facility is used to measure the magnetic properties of undercooled melt in strong 
magnetic field. Based on the above experimental results, considering solidification 
theory and knowledge of EPM, we have studied the microstructure evolution process 
and anomalous eutectic formation mechanism in magnetic field. The main research 
content is listed as follows:
(1) To design an undercooling experimental platform in a superconducting 
magnet and achieve supercooling of metals and alloys in magnetic field. Using 
modified Faraday balance to measure the magnetic properties of the undercooled melt 
in real time.
(2) To study the magnetic properties of undercooled melt in gradient magnetic 
fields. Using the facilities designed to measure the magnetization of undercooled pure 
Co, Co-Sn alloys and Co-B alloys, and to analyze the effect of undercooling and 
magnetic field on the magnetic properties of these metal and alloys.
(3) To investigate the effect of magnetic field on the undercoolability of metals 
alloys. The metals, pure Cu and Co, and Co-Sn alloys are chosen to investigate the 
effect of static and gradient magnetic field on the undercoolability of diamagnetic, 
ferromagnetic and paramagnetic alloys.
(4) The microstructure evolution process in strong magnetic fields. Using Co-Sn 
alloys to investigate the microstructure formed at different undercoolings and 
different magnetic fields, and analyze the effect of magnetic field on the dendrite 
growth and eutectic formation process.
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CHAPTER 2 EXPERIMENTAL MEANS
Magnetic field with intensity larger than 10T is very easy to be generated due to 
the development of superconducting technology, providing convenient and efficient 
means for materials processing by directly building experimental platforms in the 
magnet. In order to obtain very large undercooling, metals and alloys need to be 
heated a few hundred degrees above their melting point and held for a certain period 
to eliminate impurity elements and avoid heterogeneous nucleation. Up to now, the 
induction melting method is a quite simple and commonly used way for receiving 
large undercooling. However, due to the complicated electric-magnetic environment, 
installing a induction heating furnace in a magnet always cause the vibration of the 
sample and affect the undercooling and the accuracy of measured temperature. Thus, 
in the present research, we built a furnace using SiC heating element for the 
undercooling platform. By tuning the position of the heater, the undercooling platform 
can change between homogeneous to gradient magnetic field. Incorporating a high 
accuracy balance for measuring the magnetic force exerted on the sample, a
magnetization measurement system was built for undercooled melt.
2.1 Solidification of undercooled melt under strong magnetic 
field
2.1.1 Experimental setup
A common undercooling experiment system includes heating system, on-line 
temperature measuring, controlling system and vacuum system. For building 
undercooling facility in the magnet, the constrained space of the magnet bore and the 
magnetic force exerted on the facilities should be carefully considered. Yasuda et al
[YASU04] have designed an induction levitation melting furnace using simultaneous 
imposition of alternating and static magnetic fields for obtaining large undercooling. 
However, the undercooling obtained by the furnace was not stable and vibrated with 
the cycling heating times, and also the maximum undercooling was not large enough 
compared with undercooling limits in experiments without magnetic field. Thus, in 
order to obtain a large undercooling in a high intensity static and gradient magnetic 
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field, we used the following solutions.
(1) Superconducting magnet
The present undercooling platform is installed in a helium free superconducting 
magnet with maximum intensity 12T produced by Cryogenic Ltd (Seen in Fig 2-1). It
takes only 12-15 minutes to obtain its maximum field strength which is relatively very 
fast compared with traditional magnet. The magnet has a bore in 50mm diameter, and 
480mm in length. When the furnace is put in the working space, the maximum 
temperature zone is 20cm from the top surface of the magnet. The diameter of the 
sample is smaller than 6mm, thus the field gradient caused by the sample size within 
the area of maximum field is relatively small.
Fig 2-1 (a) Schematic diagram of the magnet, (b) Magnetic profile along the vertical direction of 
the magnetic field. The data is measured when the imposed current is 1A, and the maximum field, 
12T, is obtained when the current is 109.5A.
(2) Heating system
In order to meet the demand for obtaining high overheating, we use a high density 
SiC spiral type heating element (I Squared R Element CO. INC.). The heating element 
with diameter 25mm outside and 15mm inside can be heated up to 1650qC, seen in 
Fig 2-2. The double wall water cooled jacket is used to cool the system between the 
heating element and magnet. Between the water cooled jacket and SiC heater, 6mm 
thick refractory wool is used for heat insulation. A direct current power supply 
(DC-55V×78A) is used as heating power. The maximum heating rate can be up to 
100ć/min, and the maximum cooling rate is up to 150ć/min when the temperature 
is above 800ć. The length of the heating zone is 10cm, and the temperature 
fluctuation in the maximum heating zone is less than r3ć within 2cm heating zone, 
which can guarantee temperature homogenization of the sample. 
(3) Controlling system for heating
The heating system is controlled by a ‘S type’ thermal couple installed in the 
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homogeneous heating zone below the sample crucible. A temperature controller
(Eurotherm 3504) is used to automatically tune the DC power supply, and the system 
is controlled by Itool software installed in a PC.
To ensure the linearity of the heating and cooling, 3 segments PID parameters are
calibrated and used as the controlling parameter, which could control the thermal 
history of the sample precisely. 
(a)                          (b)
Fig 2-2 (a) Picture of SiC heater used and (b) temperature profile when the maximum temperature 
is 1010ć
(4) Temperature measuring system
The temperature of the melt is measured on-line by a two-color pyrometer 
(Germany, IMPAC-ISR50-LO). An optic fiber head installed with the pyrometer is
used to avoid the magnetic field effect on the precision of the pyrometer. The 
characteristic parameters of pyrometer are shown in Table 2-1.
Before measuring the temperature, the pyrometer is calibrated by a ‘S type’
thermocouple, and the emissivity slope is tuned to make sure the measured 
temperature is within ±2ć.
Table 2-1 Parameters of ISR50-LO 2-color pyrometer
Type Range Resolution Spot size Response time Emissivity slope 
ISR50-LO(MB25) 800-2500ć ±4ć 3 mm PV 0.8̚1.2
2.1.2 Undercooling procedures
Glass fluxing combined with cyclic overheating is used to achieve large 
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undercooling in superconducting magnet. The sample is encapsulated in molten glass 
slag, and combination of cyclic heating by holding at given overheating and cooling 
are used to purify the molten alloys. The controlling parameters affecting the 
undercooling are: overheating temperature, holding time, cyclic heating times and 
cooling rate.
B2O3 is chosen as the purifying glass slag, and high purity SiO2 quartz tube with a 
hemisphere bottom shape is used as heating crucible. By heating for many cycles with 
the controlling system, the melt is cooled to a given undercooling when the maximum 
undercooling is in a rather stable state. After recalescence, rapid quenching is used to 
cool the sample and avoid solid state phase transition. The schematic diagram of the 
system is shown in Fig 2-3(a), and a typical heating program is shown in Fig 2-3(b).
Fig 2-3 (a) Schematic diagram of the undercooling facility under magnet and (b) typical 
temperature profile as a function of time.
2.2 Magnetic susceptibility measurement under strong 
magnetic field
2.2.1 Experimental setup
Fig 2-4 shows the schematic diagram of the force acting on a ferromagnetic or 
paramagnetic material (Ȥ!) in a magnet. The arrows in horizontal direction show the 
radial force from the center of the magnetic bore to the magnetic wall while the 
vertical ones show the force along the magnetic bore.
In the magnet center region (point O), the field is larger when the sample is closer 
to magnet wall. Thus, a sample with a positive magnetic susceptibility will deviate 
from the magnet axis and finally contact with the edge and the heating element.
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Fig 2-4 (a)Schematic illustration of radial (red) and axial (blue) forces applied on a ferromagnetic 
or paramagnetic material, in the room temperature bore of a superconducting magnet, (b)field 
gradient along the vertical direction of the magnet, the dot line represents the field profile at the 
position of point A in (a).
Under this condition, due to the friction and perturbance, any measurement for 
the magnetic force acting on the sample is not accurate. Above the maximum field 
region, the field gradient reaches its maximum value at point A, and the magnetic 
force exerted on sample is still in the radial direction. But above point A, there exists 
an equilibrium zone B, where the magnetic force exerted on the sample in the radial 
direction is to the center of the magnet, which means that the sample will be 
automatically centered in the magnet, without any contact with the heating element. 
Although the field intensity in this area is much smaller than the maximum field, it is 
still large enough for magnetic force measurement by electronic balance. In the 
present investigation, B is 5mm above the maximum field gradient region A, and 
when a 1T magnetic field is applied, the field intensity in the position A is about 0.61T, 
and in the position B is about 0.52T.
The sample with positive magnetic susceptibility will undertake magnetic force 
downward to the vertical direction. And for a freely suspended sample below the 
balance, the magnetic force can be calculated by:
dZ
dB
mM
dZ
dB
VBFz   
02PF                                          (2-1)
:KHUHȤLVPDVVVXVFHSWLELOLW\FP3/g, CGS Unit)ˈM is the magnetization per gram 
(emu/gˈCGS Unit), V and m are volume and mass. In Eq.(2-1), the magnetic field 
gradient is expressed in Oe
2
.cm
-1
(BdB/dz) or Oe.cm
-1
(dB/dz). When the magnetic 
field is applied, the measured mass corresponds to the addition of force exerted on the 
sample, sample holder, quartz crucible, glass slag and the gravity of the whole system. 
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Then we can express the measured results˖
gmmF backgroundmeasuredz )(                                            ˄2-2˅
Where mmeasured and mbackground are the measured magnetic force on the sample and the 
background including the gravity of the system and magnetic force exerted on the 
sample holder, quartz crucible and glass slag, respectively. And g is acceleration of 
gravity constant in cm·s
-2
. The background signal mainly corresponds to the negative 
contribution of diamagnetic quartz tube and sample holder. Compared with the 
ferromagnetic sample, the background can be neglected. However, when the alloy is 
in a weak paramagnetic state, e.g. high temperatures above its Curie point, accurate 
measurement of the background becomes very important.
During the measurement, the sample is put 95mm above the maximum field 
region, and the field gradient calibrated by pure Ni is 0.93T/cm. And the 
magnetization of the sample can be directly calculated by the following equation:
mB
mm
M
backgroundmeasured )(
2653.1
 
                                           
(2-3)
Where M is in emu/g, m is in g, and B is in T.
2.2.2 Calibration and background correction
The magnetization of ferromagnetic materials is very sensitive to temperature, 
and large error can be obtained when the temperature of the sample is not 
homogeneous or incorrect. Thus, to ensure the accuracy of the temperature, two 
factors are considered in this paper. Firstly, tune the position of the heating element 
precisely. The temperature within the maximum heating zone is within r3ć in 
20mm, and the diameter of tested sample is within 6mm, which means the 
temperature gradient can be controlled to be very small when the sample is put in the 
maximum temperature zone. Secondly, the heating and cooling rate used is 5ć/min. 
The low rate can make sure that the temperature varies homogeneously during 
measurement.
Before testing, the mass of the sample and sample holder (including quartz 
crucible and glass slag) can be directly removed by the reset to ‘0’ function of the 
balance. Then the measured data totally comes from the field effect, and also the 
background from the force exerted on the sample holder is included. The background 
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caused by the magnetic force can be measured by carrying the experiments without 
sample at the same heating program. Considering the difficulty in measuring 
temperature when there is no sample, pure diamagnetic Cu is used to determine the 
temperature during the scan of the background since Cu has very negligible effect on 
the background due to its low magnetic susceptibility. 
Fig 2-5 is the background by measuring Cu in 1T magnetic field. It can be seen 
from the figure that, the background caused by magnetic field has very limited effect 
on the measuring results. From the measuring range, the variation of the mass is 
within 15mg, and this will be important for the accuracy of measurement at high 
temperatures when the magnetic susceptibility of sample is very small. And in this 
case, the background should be subtracted before calculation.
Strong magnetic field is generated by electric magnetic effect, and the stability of 
current in superconducting coil will directly affect the field stability, and thus affect 
the magnetization measurement process. Besides, the heat flow within the heating 
element can also lead to the vibration of the measurement. The environment for the 
facility, e.g. temperature, humidity and perturbance can affect the precision of
electronic balance. In the present experimental system, the noise caused by the 
environment at 1500ºC is within ±1mg, indicating the system is in a good precision.
Fig 2-5 Measured data for pure Cu with 1 T magnetic field.
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2.3 Sample preparation and structure characterization
2.3.1 Sample preparation
Co based alloys are the most promising candidates to be undercooled below their
melting point due to their small difference between the Curie temperature and melting 
point. In this paper, pure Co, Co-(Sn, B) binary alloys are chosen for investigation, 
and for comparison, pure Cu is selected for the study of undercoolability. Pure Co has 
the highest Curie temperature in the exiting materials, which is up to 1121ć. And for
binary Co-Sn alloys, the eutectic point according to phase diagram shown in Fig 2-6
is Co79.5Sn20.5 at.%. In this paper, three near eutectic point composition, Co79.5Sn20.5
at.%, Co76Sn24 at.% and Co72Sn28 at.% are chosen for investigation. For Co-B alloy, 
the near eutectic composition, Co83B17 at.%, is chosen for investigation. 
Fig 2-6 Phase diagram of Co-Sn binary alloys [OKAM06].
Pure materials Cu, Co, Sn and B with purity larger than 99.99 wt.% are used as 
raw material. Co-Sn binary alloys are prepared by a cold crucible levitation melting 
method, Co-B alloys are prepared by high vacuum arc melting furnace. The samples 
are cut in pieces about 1g in weight by a precision cutting machine. The glass slag 
used for undercooling experiment is pure B2O3.
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2.3.2 Microstructure characterization
After solidification, samples used for microstructure observation adopt the 
following procedures: the samples are firstly cut along and perpendicular to the 
direction of the magnetic field, then encapsulated by epoxy resign in transverse and 
longitudinal direction. The electrolyte polishing method is used for polishing the 
sample. The electrolyte used is Electrolyte A2 (Struers). The parameters used are:
voltage: 20V, polishing time: 10s, temperature: 25ć.
The optic microstructure is observed by a Zeiss® SIP 40715 optic microscope. 
Two kinds of scanning electron microscope JEOL 56-LV(installed with EDS, 138eV, 
PGT®) and Zeiss Ultra Plus field emission scanning electron microscope (equiped 
with INCA OXFORD EDX and EBSD) are used for high magnification observation. 
The XRD analysis is carried out by a Siemens D5000 X-ray Powder Diffractometer
ZLWKD&R.ĮUDGLDWLRQ
In order to have good observation results, the following procedures are used for 
preparing EBSD samples.
(1) sample cutting
The sample is cut by a precision cutting machine (Struers, Accutom-5). During 
cutting, the cutting speed is restrained below 0.05mm/s. After cutting, the sample is
encapsulated with epoxy resign and polished.
(2) polishing process
Mechnical polishing combined with chemical polishing methods are used for 
polishing. The polishing process is detailed in Table 2-2.
Table 2-2 Procedures for EBSD sample preparation. The force used during polishing is 
from 5 to 10N.
Steps Method Speed (r/min) Time (min)
1 MP(SiC-Paper 600) 300 3
2 MP(SiC-Paper 1200) 300 3
3 MP(SiC-Paper 4000) 300 5
4 MP( MD-'$&ȝP 200 10
5 MP( MD-1$3ȝP 200 10
6 CP (MD-Chem+OP-U) 200 10
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CHAPTER 3 MAGNETIC PROPERTIES OF 
UNDERCOOLED CO-BASED ALLOYS IN 
MAGNETIC FIELD
When the molten melt comes into the undercooled state, even without nucleation, 
a large amount of short range orders (SRO) exist in the undercooled melt. The amount 
and scale of SRO also change with the increased undercooling. In 50th last century, it 
is commonly believed that SRO was determined by the crystalline phase. With further 
investigation, researchers found that the melt had its specific SRO and did not have 
any direct relationship with the solidified phase [HERL07]. For ferromagnetic metals 
and alloys, ferromagnetic to paramagnetic transition happens when temperature is 
higher than the Curie temperature during the heating process, and the melt comes into 
paramagnetic state. During the cooling process, magnetic SRO is supposed to form 
when the melt is cooled below its melting point [REUT04]. Present research indicates 
that the magnetic ordering in the undercooled melt can undergo paramagnetic to 
ferromagnetic transition, and ferromagnetic liquid maybe formed. That is to say, at a 
certain undercooling when the melt is below the Curie temperature, the magnetic 
ordering can directly transform from paramagnetic state to ferromagnetic state. 
Rosensweig [ROSE66] found that ferrofluid is in a superparamagnetic state without 
magnetic field, and the magnetic domains are out of order. When close to a magnetic 
field, ferrofluid can be magnetized and generate many unique pattern with peaks and 
valleys. In this chapter, by installing a modified Faraday balance with undercooling 
facility in a superconducting magnet, the magnetic properties of pure Co, Co-Sn and 
Co-B binary alloys are investigated in high magnetic field.
3.1 Magnetic properties of undercooled pure Co
The heating traces of pure Co sample for magnetization measurement shown in 
Fig 3-1 are as follows: (1)Cooling1: firstly cool down from 1560qC to 800qC at 5qC
/min, (2)Heating2: then heat to 1560qC at 5qC /min, (3)Cooling3: finally cool down to 
800qC at 5qC/min. The low heating and cooling rate is to ensure the time needed for 
data acquisition of fast speed balance (Mettler Toledo PR503). The stabilization time 
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Fig 3-1 Heating traces of pure Co for magnetization measurement.
(a) whole temperature profile of three consecutive processes, (b) enlarged figure around melting 
point in Heating2, and (c) enlarged recalescence range in Cooling1.
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of the balance is 1.5s, and the temperature variation within this time range is 0.125qC,
indicating the present balance is fast enough to receive accurate magnetization value 
at the present heating and cooling rate. The melting point determined by pyrometer 
(shown in Fig 3-1(b)) is 1499qC which is consistent of the melting point of pure Co. 
And the sharp temperature increase during cooling process (shown in Fig 3-1(c))
indicates the alloy is nucleated at 1170qC, a relatively large undercooling can permit 
the investigation of the magnetization of deeply undercooled melt.
Fig 3-2 is the magnetization-temperature curve of pure Co in 0.52T magnetic 
field of the sample heated according to the trace in Fig 3-1(a). As we can see from Fig
3-2(a), the magnetization of pure Co is almost overlapped for the three consecutive 
heating processes, indicating the good reproducibility of the measurement. During 
heating process, the magnetization decreases with increasing temperature and a
catastrophic decrease happens when approaching the Curie point. Because of the 
existence of remaining short range order above the Curie point, the magnetization 
curve always reveals a remaining tail in an external magnetic field, which 
progressively decreases to regular paramagnetism. When the temperature is above the 
Curie point, the metal is in paramagnetic state, and the magnetization decreases 
continuously with the increasing temperature. A steep decrease of the magnetization at 
1498qC due to the melting of Co can be observed (seen in Fig 3-2 (b)), which is 
consistent with the results measured by pyrometer (shown in Fig 3-1(b)). During the 
cooling process, the magnetization increases with the decrease temperature and no 
obvious change happens at melting point. Then the alloy melt comes into the 
undercooled state. The magnetization of the undercooled melt is almost overlapped 
compared with the magnetization curve during heating. When the temperature 
bellows 1275qC (T0 in Fig 3-2(c)), the magnetization of the undercooled liquid starts 
to increase faster, as seen in Fig 3-2(c), indicating the magnetization of the liquid is 
higher than the solid. The difference increases with the increasing undercooling 
before the nucleation temperature at 1170qC. The magnetization of the undercooled 
liquid at 1170qC, Mliquid=3.4emu/g, which is more than 30% larger than that of the 
magnetization of solid where Msolid=2.6emu/g. Due to the rapid temperature increase 
in the recalescence process, the balance can not accurately measure the data due to its 
slow stabilization time for receiving a correct data in the fast solidification process. 
However, we still can see the trend: rapidly decrease until the maximum temperature 
after nucleation at TR, which is consistent with the temperature measured by 
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Fig 3-2 Magnetization as a function of temperature curves of pure Co measured in 0.52T magnetic 
field, and the field gradient at the sample position is 774Gauss/cm. (a) magnetization of three 
consecutive processes shown in Fig 3-1, (b) magnified Figure of the temperature range close to 
melting point in (a), and (c) magnified Figure of the temperature range close to recalescence 
temperature in (a).
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pyrometer. And after the rapid solidification progress is finished, the magnetization
curve comes back to the value measured during heating process when the temperature 
slows down to 1170qC again (TS).
Above the Curie temperature, a ferromagnetic material becomes paramagnetic 
and obeys the Curie-Weiss law as [BUSC03]:
pT
CTF  (3-1)
Where ȤC and Tp are magnetic susceptibility (cm3/g), Curie constant (cm3K/g) and 
the asymptotic or paramagnetic Curie temperature (K), respectively. When T=Tp, the 
susceptibility diverges which implies that one may have a nonzero magnetization in 
a zero applied field, exactly corresponding to the definition of the Curie temperature. 
Thus, paramagnetic Curie temperature (Tp) is considered approximately equal to 
Curie temperature (TC) [CULL08]. The Curie constant can be expressed as:
B
B
k
Np
C
3
22P (3-2)
Where N and kB are Avogadro constant and Boltzmann constant, p and ȝB are effect 
Bohr magneton and Bohr magneton, respectively. 
In the paramagnetic regime above the Curie temperature, the inverse magnetic 
susceptibility is in a linear relationship with temperature. Fig 3-3 is the inverse 
magnetic susceptibility as a function of temperature curve of pure Co in 0.52T 
magnetic field. It can be seen that the curve is linear above melting point, indicating 
the perfect paramagnetic state. While during cooling process, there is no typical 
variation of the slope even when the melt comes from overheated to undercooled 
state at beginning. The slopes of the two curves are different below the melting point 
and a intersection is observed at 1275qC (marked as T0 in Fig 3-3) where we find the 
same magnetization of solid and liquid. We can also see that the slope of the curve is 
not definitely constant and especially when the temperature approaches the Curie 
point. One possible explanation is that the magnetic short range orders exist in the 
low overheating and undercooled melt which cause the deviation of the melt from 
the ideal paramagnetic state. Diamagnetism is caused by the orbital moment of 
electron, thus it is inevitable to generate diamagnetic properties since everything has 
this moment [KITT05]. When the Curie-Weiss law is used to determine the 
paramagnetic Curie temperature and other magnetic parameters, a temperature 
independent constant Ȥ0 is introduced to Eq. (3-1) and a new form is [AMOR84]:
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Table 3-1 Curie-Weiss fitting of the magnetic susceptibility of pure Co during heating and cooling 
process, the magnetic field and the magnetic gradient is 0.52T and 774Gauss/cm, respectively.
Parameter Ȥ0 (10-3cm3/g) C (10-3cm3K/g) TP (ºC) R-square ȝeff(ȝB)
Heating (S) -0.0129 23.5 1130 0.9999 3.33
Cooling (L) -0.0111 20.4 1148.5 0.9999 3.10
Fig 3-3 Inverse magnetic susceptibility as a function of temperature of pure Co during heating and 
cooling process under 0.52T magnetic field
PT
CTFF  0                                                     (3-3)
By directly fitting with Eq.(3-3) for Co during heating and cooling using the data in 
Fig 3-2 (the fitting curves are shown in Fig 3-4), the parameters are calculated and 
shown in Table 3-1. The paramagnetic Curie temperature of pure solid Co 
determined is TP(S)=1130ºC (with an error of ±6ºC), and the effective Bohr 
magneton number ȝB=3.33, which is nearly coincide and in good agreement with 
earlier measurements by Kamp [KAMP88] and Reutzel [REUT04]. While the 
paramagnetic Curie temperature of the undercooled melt is TP(L)=1148.5ºC (with an 
error of ±3ºC), and the effective Bohr magneton number is ȝB=3.10. Compared with 
solid state, the Curie temperature of the undercooled melt increases 18.5ºC, and the 
magneton moment is smaller than that in solid state. 
Fig 3-5 is the magnetization-temperature curve of pure Co measured in 6.23T 
magnetic field during heating and cooling process. Under large magnetic field, the 
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Fig 3-4 Fitting results based on Curie-Weiss law of pure Co. Since when the temperature is 
approaching the Curie point, either the solid or undercooled Co is not in a real paramagnetic state 
due to remaining magnetic ordering. Thus the data range used for fitting is far above Curie point, 
here we starts from 1250ºC.
Table 3-2 Curie-Weiss fitting of the magnetic susceptibility of pure Co during heating and cooling 
process, the magnetic field and the magnetic gradient is 6.23 T and 9294Gauss/cm, respectively
Parameter Ȥ0 (10-3cm3/g) C (10-3cm3K/g) TP(ºC) R-square ȝeffȝB)
Heating (S) -0.0085 24.35 1120.5 1 3.39
Cooling (L) -0.0075 22.76 1132.5 0.9998 3.28
magnetization of the melt is rapidly increased when approaching the Curie 
temperature. When belows a critical temperature, T0 (1350ºC at the present state), the 
magnetization of undercooled melt starts to increase faster than solid, and the 
difference increases with the increasing undercooling between the undercooled melt 
and heated solid at the same temperature before the undercooled melt is solidified at 
TN=1163.5 ºC.
Table 3-2 is the fitting results according to Eq.(3-3), it can be seen that the 
calculated paramagnetic Curie temperature based on Curie-Weiss law for the sample 
solidified in 6.23T magnetic field is lower than that in 0.52T magnetic field. The 
Bohr magneton number determined for solid Co, ȝB=3.39, which is consistent with 
the value determined in 0.52T shown in Table 3-1. And for undercooled liquid, 
ȝB=3.28, which is smaller than the solid state but larger than the value obtained in 
0.52T magnetic field.
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Fig 3-5 Magnetizations as a function of temperature curves of pure Co measured in 
9294Gauss/cm gradient magnetic field and the field intensity is 6.23T at the sample position. The 
black crossing and red circle represent the heating and cooling process, respectively. Due to the 
large magnetic force exerted on the sample below the Curie temperature in the magnetic field, 
the magnetization curves are stopped before saturation as the value outweighed the measuring 
weight of the balance.
Fig 3-6 presents the picture of the solidified sample, and a lotus-like surface
with many peaks and valleys is shown. This unique morphology is the characteristics 
of ferrofluid when it is put close to a magnetic field. And for pure metal, we are the 
first to find this unique phenomenon. When a magnetic field is applied to a ferrofluid, 
the magnetic moments of the particles orient along the field lines almost instantly.
The magnetization of the ferrofluid responds immediately to the changes in the 
applied magnetic field and when the applied field is removed, the moments 
randomize quickly [ROSE87]. In a gradient field, the whole fluid responds as a 
homogeneous magnetic liquid which moves to the region of highest flux. This means 
that ferrofluids can be precisely positioned and controlled by an external magnetic 
field. The forces holding the magnetic fluid in place are proportional to the gradient 
of the external field and the magnetization value of the fluid. This means that the 
retention force of a ferrofluid can be adjusted by changing either the magnetization 
of the fluid or the magnetic field in the region. However, for undercooled liquid, 
there are no ferromagnetic particles in the melt and one probable reason is the long 
range order existing in the melt can be magnetized in strong external field, leading to 
the change of the magnetic nature of the melt. It is widely accepted that, ordering 
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Fig 3-6 Macro-Photograph of undercooled pure Co solidified under 9294Gauss/cm gradient field, 
the field intensity at the sample position is 6.23T
structures tend to form in the undercooled melt, which can act as the pre-nucleation 
sites. And the length scale and number of ordering structure are related with the nature 
of the liquid and undercooling. Thus for undercooled liquid, the undercooling related 
orders can act as the ferromagnetic particles in ferrofluid and form ‘molecular liquid’ 
with many ferromagnetic orders inside. For the undercooled melt in magnetic field, 
the morphology of the melt is affected by surface tension, gravity, viscosity of the 
melt and intensity of the external magnetic field. Without magnetic field, pure metal 
solidified under surface tension and gravity effect will form spherical shape. When 
something in liquid state is put in a strong magnetic field, even for diamagnetic water, 
its surface morphology will change due to the Moses effect [HIRO95]. The metallic 
melt containing ferromagnetic orderings can be strongly affected by the external 
magnetic field. In case of ferrofluid, even it is put close to a small hard magnet, very 
special surface with lots of peaks and valleys can be formed due to the effects of 
surface tension, gravity and magnetic strength, and this effect is called normal field 
instability [ABOU00]. Compared with ferrofluid, which is a mixture of colloids and 
nano-scaled ferromagnetic particles, undercooled metallic melt can be treated as a 
mixture of purely random packed atoms and short range or even long range chemical 
orders. For ferromagnetic alloys, orders in the melt can be ferromagnetic. However, 
the length scale maybe much smaller (even smaller than the length of magnetic 
domain) than the particles in ferrofluid. Thus, the theory which is suitable for the 
ferrohydrodynamics of ferrofluid may not suitable for the undercooled metallic melt 
with ferromagnetic long range orders. In fact, ferrofluid is in a superparamagnetic 
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state due to tiny nano-sized ferromagnetic particles. While for the present undercooled 
melt, even the scale of magnetic orderings are smaller than superparamagnetic 
blocking orderings, the melt cannot come into superparamagnetic state due to the 
temperature is still above the Curie point. And the breakup of the surface equilibrium 
to form unique peak structure could be attributed to the magnetization of 
ferromagnetic long range orderings in the melt. As we can seen from Fig 3-5, even 
above Curie point, the undercooled melt can be strongly magnetized which can 
provide the energy needed for forming unique surface morphology.
Fig 3-7 shows the magnetization-temperature curves of pure Co measured at low 
magnetic field, 0.13T (the field gradient is 194Gauss/cm). It can be seen that the 
magnetization of the undercooled melt presents the same trend as that measured in 
6.23T magnetic field. The whole magnetization curves are overlapped for Co no 
matter in solid state or overheated state, and the discrepancy happens only when the 
melt comes into the undercooled state. One interesting point existing in the curves is 
a turning point at 1086 ºC (marked by the circle in Fig 3-7), and the sharp transition 
indicates the paramagnetic to ferromagnetic transition happens at this point. Albrecht 
et al [ALBR97] also have measured the Curie temperature of pure Co liquid, 
however their results showed the Curie temperature of the melt, 1121ºC, which was 
lower than the Curie temperature of its solid state, 1127 ºC. 
Fig 3-7 Magnetization as a function of temperature curves of pure Co measured in 194Gauss/cm 
gradient magnetic field, and the field intensity at the sample position is 0.13T, the black and red 
lines represent the cooling and heating process, respectively.
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Theoretically, it is possible for the existence of ferromagnetic liquid, and also 
the undercooling experiments of Co-Pd by Reske [RESK95] have proved the 
existence of long range magnetic ordering. The thermally driven oscillation 
amplitudes of atoms in the metallic melt may hinder the establishment of a 
permanent long range magnetic ordering at high temperatures. The undercooling of 
the melt and the external magnetic (intensity and gradient) can directly affect this 
process. With the increasing undercooling, the temperature of the melt decreases 
gradually while the viscosity increases. The thermally oscillation amplitudes of 
atoms are weakened, while the possibility for the formation of long range magnetic 
orders increase. The external magnetic field can stabilize the ferromagnetic orders 
and let them perfectly align since there are no effective blocks for the ordering in the 
liquid. After the alloy solidifies, the equiaxed crystal microstructure is formed and 
the magnetic domain is constrained in the grain. The latent heat release during 
solidification can change the alignment of the domain and the strain induced by rapid 
solidification can also reduce the magnetic properties of alloys. Thus when the 
undercooling surpass certain value, it is possible for the liquid melt to have larger 
magnetization than it in the liquid state. In deeply undercooled melts, the icosahedral 
short-range order was proved to be exist in pure Fe [SCHE02], Ni [SCHE02], Zr
[SCHE02] and Co [HOLL02] by neutron diffraction experiments. And to have a 
fully understanding of the highly magnetization of undercooled liquid Co, more 
precise experiments, for example directly using neutron diffraction method to 
investigate the structure of deeply undercooled Co melt in strong external magnetic
are required in future.
3.2 Magnetic properties of undercooled binary Co-B alloy
Unlike pure Co, the magnetic phase in Co-%ELQDU\DOOR\VLVĮ&RWKHPD[LPXP
solubility for B in Co is 0.163%), and the magnetization is typically affected by the 
VROXELOLW\RI%([FHSWWKHIHUURPDJQHWLFĮ&RSKDVH&R3B is another phase which is 
non-ferromagnetic in near eutectic Co-B alloys. Thus the magnetic properties of Co-B
QHDU HXWHFWLF DOOR\V DUH DIIHFWHG E\ WKH VROXELOLW\ RI% LQ Į&R DQG DOVR WKH UHODWLYH
YROXPHIUDFWLRQRIĮ&RDQG&R3B. In undercooled melt, the clusters always have the 
same structure as the solidified phases [HERL07], thus when an external magnetic 
field is applied, the undercooled melt can be strongly affected and show some unique 
behaviors.
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Fig 3-8 Time vs. temperature and time vs. magnetization curve of Co83B17 alloy during heating. 
The field intensity and gradient at the sample position are 388Gauss/cm and 0.26T, respectively.
Fig 3-8 shows the temperature and magnetization profile of Co83B17 alloy during 
heating taken at 5ºC /min in 0.26T magnetic field (field gradient at the sample 
position is 388Gauss/cm). The deviation from the linear heating line at 1100 ºC shows 
the melting of the alloy. The melting process is finished at 1136 ºC, where we can see 
an inflexion point. The magnetization curve shows the same trend, no obvious 
difference is shown at the melting point and a typical decrease point at the fully liquid 
temperature (rectangle areas in Fig 3-8). Fig 3-9 is the magnetization curves of 
Co83B17 alloy measured in 0.065T magnetic field during heating and cooling process.
It can be seen that the magnetization curves are overlapped only above the melting 
point. When the alloy is undercooled below its melting point, the magnetization starts 
to deviate, and the magnetization of liquid melt is smaller than that of solid state at the 
same temperature. At 1046ºC the magnetization of solid during heating and 
magnetization of undercooled melt during cooling is the same. Below 1046 ºC, the 
magnetization of undercooled melt is larger than that of solid, and the discrepancy 
becomes larger until the melt solidifies at 1033.5ºC. After the recalescence, the 
magnetization of the solid Co-B alloy is stable around 17emu/g and it is larger than 
that during heating.
Fig 3-10 is the inverse magnetic susceptibility as a function of temperature curves 
of Co83B17 alloy during heating and cooling process under 2.08T magnetic field. It 
can be seen that, the inverse magnetic susceptibility of Co83B17 alloy solidified after 
heating at different overheating temperatures, 1325ºC(Fig 3-10(a)) and 1500ºC (Fig
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Fig 3-9 Magnetization as a function of temperature of Co83B17 alloy during heating and cooling 
process in 96.8Gauss/cm gradient field. The field intensity is 0.065T and the heating and cooling 
rate is 5ºC/min
3-10(b)), is quite different. For the alloy overheated at 1325 ºC, the 1/Ȥ -T curves 
during heating and cooling are nearly overlapped. And for the alloy overheated at
1500 ºC, the magnetic susceptibility during cooling shows a different trend, as it is 
shown in Fig 3-10(b). The curve is firstly overlapped above 1420ºC, and after, the 
cooling curve keeps linear and deviates from the curve measured in heating process. 
After the recalescence happens at 1099 ºC, the 1/Ȥ -T curves overlapped again. Kamp 
et al [KAMP88] have investigated the relationship between short and medium range 
magnetic ordering and ferromagnetic transitions in Co-B alloys, they found that there 
existed ordering in the melt above the melting point and the structure of the orderings 
were close to the solidified phase. And the ordering would disappear only when the 
temperature was above 1700K. Accordingly the phenomenon in Fig 3-10 can be 
interpreted as follows. When the overheating temperature is below1420ć (close to 
the critical temperature in Ref [KAMP88]), the existence of magnetic ordering in the 
melt, just as the solidified ferromagnetic phase, gives high magnetization in external 
magnetic field. Below the critical temperature, the magnetic property of the 
overheated melt is the same during the heating and cooling process at the same 
temperature. When the temperature surpasses the critical temperature, 1420ć ,
vanishing of the ordering leads to perfectly paramagnetic state of the liquid in strong 
magnetic field. During the cooling process, the magnetic susceptibility is firstly the 
same as that during the heating at the same temperature. Below the critical 
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Fig 3-10 Magnetizations as a function of temperature of Co83B17 alloy during heating and cooling 
processed under different overheating temperature. (a) overheated at 1325qC, and (b)overheated at 
1500qC. The heating and cooling rate is 5qC/min
temperature, the melt comes into a relatively ‘paramagnetic undercooled’ state 
(relatively for the existence of magnetic orderings, but not really the undercooling 
state of the melt), and there should form a small volume of magnetic orderings. 
However, when compared with that during the heating process at the same 
temperature, the scale and the volume of the magnetic ordering are much smaller, 
leading to nearly paramagnetic state of the melt.
For paramagnetic material, the relations between the magnetization and 
temperature can be expressed by the Curie-Weiss law (Eq. (3-3)). And the 
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magnetization divided by field intensity in different magnetic field at the same 
temperature is constant for paramagnetic materials. Fig 3-11 shows the magnetization 
divided by magnetic field intensity versus temperature curves of Co-B alloy in 
different field gradient. It can be seen that the M/B-T curves measured at different 
magnetic field are not overlapped, indicating the alloy is not in ideal paramagnetic 
state, and with the increasing temperature the discrepancy between the curves 
measured at different magnetic fields became smaller. With the dissolve of ordering in 
the melt with the increasing temperature, all the cures will overlapped above the 
critical temperature for the existence of magnetic ordering, and become fully 
paramagnetic above 1420qC.
Fig 3-11 M/B vs. temperature curves of Co83B17 under different gradient field. The heating and 
cooling rate is 5ºC /min
3.3 Magnetic properties of undercooled binary Co-Sn alloy
The melting point and Curie temperature of Co79.5Sn20.5 alloy are 1112ºC and 
1050ºC, respectively. What will happen when the alloy melt is directly undercooled 
approach or far below the Curie temperature becomes an interesting topic. Fig 3-12 is
the magnetization curve as a function of temperature of Co79.5Sn20.5 alloy measured at 
0.26T magnetic field at the heating and cooling rate of 5ºC /min. The same as pure Co, 
the magnetization curves of Co79.5Sn20.5 alloy above the melting point are overlapped. 
The undercooled Co79.5Sn20.5 alloy melt shows quite different behavior, and the 
linearity of the curve represents the paramagnetic state of the melt even at much lower 
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temperature below the Curie temperature of solid Co79.5Sn20.5 alloy. When the 
undercooled melt is solidified at 890ºC, ferromagnetic transition happens during the 
Table 3-3 Curie-Weiss fitting of the magnetic susceptibility of Co79.5Sn20.5 during heating and 
cooling processˈthe magnetic field and the magnetic gradient is 0.26T and 387.4Gauss/cm, 
respectively.
Parameter Ȥ0 (10-3cm3/g) C (10-3cm3K/g) TP (ć) R-square ȝeffȝB)
Heating (S) 0.005613 2.639 1062 0.9858 1.23
Cooling (L) -0.01026 15.66 612.1 0.9902 2.99
Fig 3-12 Magnetic susceptibility as a function of temperature of Co79.5Sn20.5 alloy measured in 
387.4 Gauss/cm gradient field, and the field intensity at the sample position is 0.26T. The red and 
black lines represent the heating and cooling process, respectively. The heating and cooling rate 
used is 5ć/min.
cooling of the solidified alloy. The paramagnetic Curie temperature is calculated by 
the heating and cooling curves shown in Fig 3-12, and two paramagnetic Curie 
temperatures, one for solid Co79.5Sn20.5 alloy during heating, TP(S)=1062ºC, the other 
for undercooled Co79.5Sn20.5 alloy melt TP(L)=612ºC (shown in Table 3-3).
Fig 3-13 is magnetization as a function of temperature for Co76Sn24 alloy 
measured at same field intensity and different overheating temperature. We can see 
that the magnetization of the curves on heating shows a small difference, which is 
because the same sample alloy is solidified several times at different undercoolings 
before heating, showing different phase structure, grain morphology and grain size 
with different undercooling which will cause the magnetization difference. However, 
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Fig 3-13 Magnetic susceptibility as a function of temperature of Co76Sn24 alloy measured under 
387Gauss/cm gradient field and different overheating. The heating and cooling rate used is 10ć
/min
when the alloy is heated above the melting point, with the melting of the solid phases, 
the microstructure difference is eliminated. The melt consists of some orderings and 
uniform overheated liquid, which means the difference in magnetization caused by 
microstructure, becomes smaller. The magnetization curves are overlapped during 
cooling process after holding at different overheats for 30min, showing the same 
linear decrease of the magnetization before solidification regardless of overheating 
temperature.
Fig 3-14 is the M/B as function of temperature curves of Co79.5Sn20.5 alloy 
measured at different magnetic field. During the heating process, the discrepancy for 
M/B-T curves below Curie temperature is very large, while all the curves are 
overlapped when the temperature is above the melting point, indicating the alloy melt 
is in paramagnetic state. For the cooling process, the curves are overlapped no matter 
in overheated or undercooling state, which means Co79.5Sn20.5 alloy melt is in 
paramagnetic state.
3.4 Factors affecting the magnetic properties of the 
undercooled melt
From above experimental results, it can be concluded that the magnetic properties 
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Fig 3-14 Magnetic susceptibility as a function of temperature of Co79.5Sn20.5 alloy measured under 
different gradient fields at the same overheating.
of pure Co, Co-B and Co-Sn alloys show different behaviors in external magnetic 
field. The difference can be expressed as follows.
The magnetization is different between the undercooled melt and its solid state at 
the same temperature. The magnetization of undercooled pure Co is larger than that of 
its solid state, and when the field intensity surpasses certain value, normal field 
instability effect happens for metallic melt before solidification. A spike pattern can 
be seen on the surface of the sample, like in ferrofluid when close to external fields. 
This spike pattern results from a competition between demagnetizing energy that 
tends to form elongated shapes along the field, and surface energy that tends to give 
spherical shapes. And for Co83B17 and Co79.5Sn20.5 alloys, in the present magnetic field 
range used in this study, the magnetization of the alloy melt is smaller than its solid 
state at the same temperature.
The effect of overheating on magnetic properties of undercooled melt is different. 
The magnetic properties of Co83B17 alloy are affected by the overheating temperature. 
When the overheating temperature is below the critical temperature, 1420ºC, the alloy 
melt behaves like the solid. While the undercooled melt is always in ‘paramagnetic 
undercooled state’ before solidification when the overheating temperature surpasses 
the critical value, and the paramagnetic Curie temperature is much lower than the 
paramagnetic Curie temperature of the solid state. For pure Co and Co79.5Sn20.5 alloy,
the overheating has very limited effect on the magnetic properties of the undercooled 
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melt.
The magnetic properties come from the magnetic moment of atoms, thus the 
variation of electro orbit and atomic density will lead to the change of magnetic 
properties. For metals and alloys, the phases and microstructure determine the 
magnetic properties, take Co-B and Co-6Q DOOR\V IRU H[DPSOH Į&R LV WKH
ferromagnetic phase of these two alloys. However, its behavior under magnetic field 
LV TXLWH GLIIHUHQW7KDW LV EHFDXVH GXULQJ WKH IRUPDWLRQ RI Į&R VROXWLRQ WKH DWRPLF
structure and bonding can be affected by the solute atoms. When the alloy is in 
overheated or in undercooled state, the structure nature of the metallic melt can 
determine the magnetic properties of the melt and the magnetic nature of the ordering, 
e.g. the viscosity of the melt is one of the determine factors which is very important 
for the formation of ordering structure in the melt. Thus, pure Co, Co-B and Co-Sn 
alloys melts exhibit different magnetic properties when undercooled in magnetic field.
3.4.1 Magnetic properties of the solid and undercooled liquid
According to the present theory, it is easy to draw the conclusion that the 
magnetic susceptibility of a matter in solid state is larger than that in liquid state at the 
same temperature. That is because the melting process breaks the local ordering and 
atoms neighboring that leads to ferromagnetic interactions. The oscillation in the 
liquid is not in favor of the formation of stable parallel magnetic domain also. 
However, from the results in Figs 3-2 and 3-5, we can see that the magnetization of 
undercooled pure Co melt is larger than that of heated solid Co at the same 
temperature, and the discrepancy increases with the increasing undercooling. The 
paramagnetic Curie temperature calculated for undercooled Co melt is 1132.5ºC, 
which is the highest Curie temperature up to the present.
The magnetic properties of matter can be described by the molecule field theory.
Molecular field also called exchange field or Weiss field. According to molecular field 
theory, there exist strong molecular field in the ferromagnetic material, under the 
molecular field, the atomic magnetic moments in the matter tend to parallel alignment, 
and saturated by spontaneous saturation. During spontaneous magnetization of 
ferromagnetic material, many small areas called magnetic domain are formed. 
Because the domains have random magnetization direction, the magnetic moments 
are averaged and macroscopically show no magnetism. Spontaneous magnetization of 
magnetic material is caused by the static function between electrons, and when a 
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molecular is formed by the nearby atoms, the electron cloud is overlapped, and the 
electron will exchange its position. This exchange interaction which reflects the 
Coulomb repulsion of two nearby electrons, usually on neighboring atoms, is called 
exchange force. The exchange force let the neighboring atoms form aligned parallel 
spin. The exchange field is an approximation of the quantum mechanical exchange 
interaction. On certain assumptions, it is shown that the energy of interaction of atoms
i, j, bearing electron spins Si, Sj can be expressed in a Hamilton function: H=-2JSi•Sj.
Where J is the exchange integral and is related to the overlap of the charge 
distributions of the atoms i, j. When J>0, the ferromagnetic exchange interaction can 
lead to the formation of magnetic ordering.
When T<TC, the material is in ferromagnetic state. Microscopically the magnetic 
moments are almost parallel, however, for a real material is composed of magnetic 
domain. In every domain the localized magnetization is saturated and it is not a must 
for every domain to ideally parallel with each other. In weak magnetic field, the 
volume of domains favorably oriented with respect to the filed increase at the expense 
of unfavorable oriented domains. And in strong external magnetic field, the domain 
magnetization rotates toward the direction of the field. For pure Co, seen from Fig 3-2
and Fig 3-5, the magnetization is equal to the magnetization of the solid Co during 
heating process when the undercooled melt is solidified. And the undercooled melt 
has a larger magnetization than solid at the same temperature. We can explain by the 
above theories. When pure Co is heated above the melting point, the metal comes into 
liquid state, and inside there are some short or medium orderings. When an external 
magnetic field is applied, the ordering structure inside the melt is strengthened. Thus, 
when the overheating is not too much, even though the temperature is above the Curie 
temperature, the existence of ordering structure which can be magnetized by external 
field caused the melt deviates from ideal paramagnetic liquid, and we can see from 
linearity of the magnetic susceptibility curves in Fig 3-3. When the metal melt comes 
into the undercooled state, the viscosity increases with the increasing undercooling, 
and the thermal oscillation decreases with the decreasing temperature. Then the 
number and scale of the ordering are enhanced in the melt. Thus the magnetization of 
the melt increases rapidly with the increasing undercooling due to the increasing size 
and number of ordering structure. The melt is in an ideal isotropy state, and the 
magneto crystalline anisotropy energy equals 0. The ordering structure can be 
perfectly aligned by the external magnetic field since there are no blocks such as grain 
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boundaries in the melt. On contrary, when the undercooled melt is solidified, the alloy 
microstructure is controlled by the solidification process, such as the undercooling. 
The formation of grain boundaries and the existence of the magneto crystalline 
anisotropy energy reduce the energy of the system. And the rapid latent heat release 
can introduce a strong strain in the alloy which will also destroy the parallel domains 
formed in the undercooled melt. Thus it is possible for the existence of much more 
ferromagnetic liquid Co. And for Co-Sn and Co-B, except the ferromagnetic Co, other 
atoms can affect the formation of magnetic ordering and have a less magnetic alloy.
3.4.2 Effect of overheating on the magnetic properties of the 
undercooled melt
Even there are no directly relations, present research results indicate that specific 
ordering is exist in metallic melt which is close to the structure of the crystalline 
phase structure. Even there still exist some unmelted crystals in the overheated melt. 
That is to say, there exists a second melting point for the unmelted particles, only 
when the overheating is surpassing certain value a uniform completely melt can be 
obtained. In the present study, the magnetization curves of Co-B measured at different 
overheating show that there exists a critical temperature for this alloy. Below 1420ºC,
the magnetic ordering still exists in the melt. Kamp and Methfessel [KAMP88] have 
investigated the magnetic ordering of overheated Co1-xBx(0<x<0.33) alloys at 
different overheating. They have found 1700K is a critical temperature for this alloy, 
and the magnetic property of the alloy overheated below or above this temperature is 
TXLWHGLIIHUHQW7KHH[LVWHQFHRI%LQĮ&RUHGXFHWKHPDJQHWL]DWLRQRI&ROHDGLQJWR
the magnetization of the undercooled melt is lower than its solid state at first. With the 
increasing undercooling, just as undercooled Co discussed before, the increased 
viscosity and decreased temperature make a much more strengthened ordering 
structure which can be magnetized in the melt. However, when the overheating 
temperature surpasses the critical value, the existence of the ordering structure leads 
to an ideal paramagnetic liquid. During the cooling process, the ordering is not easy to 
counter act the thermal driven oscillation and the undercooled melt keeps the 
paramagnetic state of the liquid before solidification. And for pure Co and Co-Sn 
alloy, with the experimental overheating, we do not detect the critical temperature, 
thus the magnetic properties of the undercooled melts are not affected by the 
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overheating.
3.5 Summary
Based on the modified Faraday balance, the magnetic properties of pure Co, 
Co-B and Co-Sn are measured, and the main conclusions of this chapter are:
(1) The magnetization of undercooled Co melts increases with the increasing 
undercooling. The undercooled melt has a larger magnetization than that in solid 
state at the same temperature. When the temperature is close to the Curie 
temperature of the melt, the magnetization increased rapidly. Based on 
Curie-Weiss law, the paramagnetic Curie temperatures calculated based on the 
solid Co during heating and liquid Co melt during cooling are: șP(L)=1132.5ºC,
DQGșP(S)=1120.5 ºC, respectivelly.
(2) Under strong external magnetic field, when approaching the Curie temperature, 
the undercooled Co melt forms unique morphology due to normal field instability 
effect. A spike pattern can be seen on the surface of the sample, like in ferrofluid 
when submitted to external fields. This spike pattern results from a competition 
between demagnetizing energy that tends to form elongated shapes along the field, 
and surface energy that tends to give spherical shapes.
(3) The magnetic properties of Co-B are affected by the overheating temperature. 
When the overheating temperature is below 1420ºC, the magnetization of the 
undercooled melt is close to the solid alloy, and the paramagnetic Curie 
temperatures determined are: șP(L)=1066ºC DQG șP(S)=1073ºC, respectivelly.
When the overheating temperature surpasses 1420ć, the undercooled melt comes 
into completely paramagnetic state, and the liquid Curie temperature is 1046ºC,
the alloy melt cannot undercooled into ferromagnetic state.
(4) The undercooled Co-Sn near eutectic alloy is in fully paramagnetic state, and the 
magnetic properties of the undercooled melt are not affected by the overheating 
temperature. The Curie temperatures determined are șP(L)=612.1ºC, and 
șP(S)=1062ºC, respectively.
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CHAPTER 4 EFFECT OF MAGNETIC FIELD ON 
THE UNDERCOOLABILITY OF UNDERCOOLED 
MELT
The investigation of non-equilibrium solidification of undercooled melts in 
magnetic field started from the research of the effect of magnetic field on the 
undercoolability of metals and alloys. Based on the research results of the 
undercooling of Cu [HASE92, ZHAN10b], Ge [ZHAN10b], Sb [ZHAN10a] and 
Co-Cu [GAO09] alloy in magnetic field, researchers found that the effect of the 
magnetic field on the undercoolability depended on the alloy characteristics. However, 
when we analyze the present results, it can be seen that the maximum undercooling of 
the metals or alloys studied is much smaller than the stable undercooling obtained by 
the normal undercooling techniques (induction melting or levitation melting method) 
without magnetic fields, indicating the alloys are not in the thermodynamic stable 
state. The drawbacks of the facilities cause the nucleation in the undercooled melt 
before the thermodynamic undercooling limit, and many other factors can also lead to 
the heterogeneous nucleation. Thus it is difficult to discuss the intrinsic effect of the 
field on the undercooling. Take pure Cu for example, the undercooling received in Ref.
[HASE92] is smaller than 100ºC in 0.5T magnetic field by glass fluxing method and 
smaller than 200ºC in 10T magnetic field by levitation melting method in 
Ref.[YASU04], while the maximum undercooling reported is 236ºC [TURN50] and 
271ºC [COST89] which is much larger than the value obtained with magnetic field. In 
this chapter, the undercooling behaviors of diamagnetic pure Cu, ferromagnetic pure 
Co and near eutectic Co-Sn alloys under static and gradient magnetic field are 
systematically investigated.
4.1 Effect of magnetic field on the undercoolability
4.1.1 Undercoolability of Cu under strong magnetic field
The heating program used for investigation of the undercooling behaviors of pure 
Cu in static magnetic field is as follows: Firstly heating at 1ºC/s to 1250ºC, holding 
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for 10 min, then cooling at 2ºC/s to 800 ºC. After holding for 5 min at 800 ºC, another 
new heating cycle starts. Fig 4-1 is the typical recalescence curve of pure Cu, the 
undercooled melt nucleated at TN and then the temperature increased to TR, afterwards 
falling in to the cooling process. The as solidified metal is spherical shape and the 
surface is ultra bright, indicating the purifying effect of the glass is very nice. In Fig
4-1, TN=833ºC, and the undercooling calculated by ¨ T=Tm-TN, is 251ºC. After many 
heating cycles (>150), the undercooling is very stable and the reproduction of the 
experiment is good.
Fig 4-1 Recalescence curve of pure Cu heating under the present furnace in the magnet, 
¨T=251ć
Fig 4-2 represents the undercooling as a function of cycling heating times of pure 
Cu in 0 and 12T static magnetic field. It can be seen that there is a large fluctuation at 
the beginning when the melt is not stable, and the mean undercooling for the first 15 
times cycling is 141.9ºC which is relatively small. With the increasing heating times, 
from 16
th
to 42
th
cycling the mean undercooling increases to 170.1ºC. When a 12T 
magnetic field is applied at the 43
th
cycling, the undercooling increases above 200ºC,
and the undercooling is rather stable regardless of the cycling times. The mean 
undercooling increases to 211.6ºC, which is 40.5ºC larger than that without magnetic 
field. The undercooling suddenly decreases to 180ºC at 54
th
cycling when the 
magnetic field is removed. Afterwards the mean undercooling of Cu is always closed 
to 210ºC with imposing or removing magnetic field and the undercooling slightly 
increases with the cycling times for Cu without magnetic field. Finally the 
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Fig 4-2 Undercooling of Cu at different cycling times under different magnetic fields.
Table 4-1 Parameters used for calculation of the effect of the magnetic field on the Gibbs free 
energy of undercooled Cu melt
E kJ/mol ǻHf J/mol B ȤL 10-8 ȤS 10-8 L ı 106ȍ-1m-1 Ș (1107K)
30.5[BROO05] 13.03 12T -9.1 -8.0 [HASE92] 6mm 4.65 (Tm) [GATH83] 8.27mPas 
undercooling comes to a stable state regardless of the magnetic field.
The effect of magnetic field on the undercoolability can be analyzed from two 
sides. The first one is the thermodynamic effect on the nucleation by the application 
of magnetic field. The second one is some other effects caused by external magnetic 
field which can affect the purifying effect of the melt, e.g. convection of the melt. The 
Gibbs free energy of undercooled pure Cu in magnetic field can be expressed as 
follows:
MV GGG '' '                                                     (4-1)
m
f
V
T
TH
G
'' '                                                        (4-2)
2
0
2
1
ex
LS
mol
LS
M HGGG MM
' '' ' FP
                                   
(4-3)
Where ¨GVˈ¨ GM are chemical Gibbs free energy and magnetic Gibbs free energy, 
¨Hf, ¨T, Tm, ¨ȤS-L, ȝ0, Hex are melting enthalpy, undercooling, melting point, magnetic 
susceptibility difference between the solid and liquid phase, permeability of vacuum, 
and the external magnetic field, respectively.
Cu is diamagnetic material, and after solidification the magnetic susceptibility 
variation is very small. So the calculated (The parameters used for calculation are 
shown in Table 4-1) magnetic Gibbs free energy, -5.03×10
-4
J/mol, is relatively small, 
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and can be neglected compared with the chemical Gibbs free energy (2400J/mol).
The effect of the magnetic field on the suppression of convection effects can be 
determined by Hartmann number, Ha. The value of Ha can be used to characterize the 
effect of magnetic field on the suppression of convection flow in the melt, and the 
larger the Ha, the larger the suppression effect. Ha can be calculated by the following 
equation [HUNT71]:
2/1)/( KVLBHa                                                           (4-4)
Where L is FKDUDFWHULVWLF OHQJWK KHUH PHDQV WKH GLDPHWHU RI WKH VDPSOH ı LV WKH
electric conductivity, and Ș is the viscosity of the melt which can be calculated by
[BROO05]:
)exp(0
RT
EKK                                              (4-5)
Where Ș0 is the pre-exponential factor of viscosity, and E is activation energy for 
viscous flow, which are both constants. Based on the parameters in Table 4-1, Ha is 
calculated as 1707.3, which means the suppression effect of the magnetic field is 
really very strong. The convection in the melt can cause the fluctuation of heat flow 
and ordering structure, and also the movement of impurities, thus benefits for the 
heterogeneous nucleation. In 12T magnetic field, the convection flow in the melt is 
strongly suppressed by the external field, and the stabilized melt reduces the 
triggering effect for nucleation. So, when a 12T is applied, the undercooling increases 
by 40ºC, as we can see in Fig 4-2. Meanwhile, the effect of the magnetic field on the 
undercooling of the melt is weakened with the increasing heating cycle. During the 
cycling heating process, the purifying effect of fluxed glass by physical adsorption 
and interface chemical reaction of impurities can reduce the heterogeneous nucleation 
sites gradually. After certain cycles, the melt is in a relatively stable state, and the 
fluxed glass has very limited effects on the maximum undercooling. Before the melt 
comes to the stable state, there exist impurity elements in the melt waiting for 
purifying by fluxed glass. At this time, the convection in the melt can accelerate the 
movement of the impurity elements, stimulating the nucleation and leading to 
decreased undercooling. Thus when a strong magnetic field is applied, the 
suppression of convection flow can increase the undercooling. With the cycling 
processing, the effective nucleation sites decrease due to the purifying effect of the 
fluxed glass, thus the undercooling of the melt increases. When applying a magnetic 
field, even if the convection flow is suppressed, the undercooling improvement of the 
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field becomes less and less, and finally has no obvious effect as the purifying effect of 
the glass is at its maximum. 
Thus it can be concluded that the magnetic field can stimulate the purifying 
process of fluxed glass and enhance the undercooling process, and it cannot change 
the nucleation temperature thermodynamically. The strong magnetic field cannot 
change the maximum undercooling of undercooled Cu melt, and it can accelerate the 
process for obtaining the maximum undercooling.
4.1.2 Undercoolability of Co under strong magnetic field
Pure Co is a typical ferromagnetic material, and according to Reutzel’s results
[REUT04], WKH SDUDPDJQHWLF &XULH WHPSHUDWXUH RI VROLG &R șP(S), and the 
paramagnetic Curie temperature of undercooled melt, șP (L), are 1400K and 1388K, 
respectively. Compared with pure Cu, ferromagnetic Co tends to be affected by 
magnetic field more easily. And when pure Co is deeply undercooled in magnetic 
field, the effect of magnetic field on the ordering structure especially when close to 
the Curie point becomes an interesting topic.
Fig 4-3 is temperature profile of pure Co during cooling in 12T magnetic field. 
The melt solidified when it is undercooled at certain undercooling. It can be seen that
recalescence contains two separate processes, meaning two independent nucleation 
(TN1 and T N2) and solidification process. According to Fig 2-4 (a), the magnetic force 
exerted on paramagnetic or ferromagnetic sample at the maximum field zone is along 
the radial direction of the field, and the melt is attracted by the force to the direction 
of the wall of magnet bore. And the force is proportional to the field gradient and 
magnetization of the melt (Eq.(2-1)). The magnetization of the undercooled melt 
increases with undercooling (Fig 3-5), thus the melt is divided into two parts by the 
radial magnetic force exerted on the melt. The two parts solidified separately as 
indicated by the two recalescence peaks in Fig 4-3. The as solidified sample is in 
needle like shape (shown in Fig 4-4), which is because the melt was elongated along 
the axial direction of the field in order to reduce the total energy of the system by the 
demagnetization effect.
Fig 4-5 is the undercooling and recalescence extent of Co as a function of cyclic 
heating times in 0 and 12T magnetic field. It can be seen the undercooling of Co is 
relatively stable with the increasing heating cycle, and the mean undercooling is324±6
ºC. The magnetic field has very limited effect on the undercooling of Co melt.
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Fig 4-3 Recalescence curve of pure Co heating under the present furnace, ¨T=356ºC
Fig 4-4 Image of solidified undercooled Co under high static magnetic field with intensity 12T 
showing the undercooled liquid separated into two parts.
According to previous analysis, the application of magnetic field can lead to rapid 
increase of magnetization. Meanwhile the increasing magnetization of the melt can 
increase the energy of the whole sample, thus it is elongated along the field direction 
to reduce the energy due to demagnetization effect. According to the traditional 
nucleation theory of the undercooled melt, the formation of ordering structure 
(clusters) in the melt is benefit for nucleation process. Also the catalytic sites can 
reduce nucleation function, promoting the nucleation process. Before solidification, 
the undercooled melt is divided into two parts (shown in Fig 4-4), both with a needle 
like sharp tip, and each part is tightly close to the wall of quartzes tube. The above 
factors may be good for trigging nucleation, thus decreasing the undercooling. 
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Fig 4-5 Undercooling and recalescence extent of Co at different cycling times under different 
magnetic fields
However, according to Fig 4-5, the magnetic field has very limited effect on the 
undercooling, and it doesn’t decrease when magnetic field is applied. One possible 
reason is as follows: the magnetization of undercooled Co melt is larger than that after 
solidification, thus 'ȤS-L<0, and the critical nucleation function increases when a 
magnetic field is applied, which is good for increasing undercooling. The 
thermodynamic effect and suppressing convection effect of the magnetic field on 
undercooled Co melt are discussed as below.
Table 4-2 Parameters used for calculation of the effect of the magnetic field on the Gibbs free 
energy of undercooled Co melt
E kJ/mol ¨Hf kJ/mol B ȤL ȤS 10-3cm3g-1 L ı5ȍ-1m-1 Ș (1448K)
44.4[BATT89] 16.19 12T 0.599 0.4864 3mm 1.02 10.2mPas
Based on Eqs.(4-2) and (4-6), 'GV and 'GM calculated (the parameters used are 
shown in Table 4-2) are 2960 J/mol and 5.3 J/mol, respectively. The thermodynamic 
effect of magnetic field on nucleation of undercooled Co melt can be neglected, and 
the magnetic Gibbs free energy has very limited effect on the critical nucleation 
function. 
The suppression of convection flow effect by 12T magnetic is also calculated, 
and the results Ha=113.8, which means the magnetic field also has some effect for 
suppressing the convection flow, which can promote undercooling. In 12T magnetic 
field, when Co melt is undercooled at a very large undercooling, due to the increasing 
magnetization of melt, the surface shape of the sample will be changed just as the 
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morphology variation of ferrofluid in magnetic field, as it is shown in Fig 4-4.
According to classic nucleation theory, the sharp tip on the top of the sample will 
generate much larger surface tension and increase the energy of the system which is 
good for nucleation. And the convection suppressing effect of magnetic field is good 
for obtaining a large undercooling. According to all these factors, the undercooling of
Co exhibits no much variation even a strong 12T magnetic field is applied, however, 
we cannot calculate the effect on undercooling for each factor quantitatively.
The effect of magnetic field on the recalescence extent will be discussed in the 
following parts.
4.1.3 Undercoolability of Co-Sn under strong magnetic field
Fig 4-6 is the undercooling as a function of cyclic heating times of Co-Sn alloy in 
0 and 12T magnetic field. It can be seen that for Co79.5Sn20.5 hypoeutectic alloy (Fig
4-6 (a)), Co76Sn24 near eutectic alloy (Fig 4-6(b)) and Co72Sn28 hypereutectic alloy 
(Fig 4-6 (c)), with the increasing cyclic heating times, the undercooling in and without 
magnetic field shows the same trend. After vibration at the first few cycles, the 
undercooling is stable at certain value, and afterwards keeps constant regardless of 
cyclic heating times and magnetic field. The mean undercooling for Co79.5Sn20.5,
Co76Sn24 and Co72Sn28 alloys are 265ºC, 245ºC and 225ºC, respectively.
After solidification, two phases, ferromagnetic D&R DQG SDUDPDJQHWLF ȕ&R3Sn2 
phase are formed in Co-Sn alloys. Compared with DCo, the magnetic Gibbs free 
energy of ȕ&R3Sn2 can be neglected due to the low magnetic susceptibility difference. 
In the present experiment, when Co-Sn is solidified at the undercoolings shown in Fig
4-6, the solid DCo phase will be in ferromagnetic state due to the low temperature 
which is blow the Curie point. Thus the magnetic Gibbs free energy should be 
changed to the following form:
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Where x is DCo phase in mole of one mole Co-Sn alloy. The magnetic Gibbs free 
energy for ferromagnetic phase is much larger than paramagnetic Gibbs free energy in 
present calculation, thus for simplicity the following equation is used:
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Table 4-3 Parameters used for calculation of the effect of the magnetic field on the Gibbs free
energy of undercooled Co79.5Sn20.5 melt
TM 'H B L Ȉ Ș
1385K 13.027kJ/mol 12T 5mm 1.7×10
4ȍ-4m-1 10mPa s
Fig 4-6 Undercooling of Co-Sn alloys at different cycling heating times under different fields. 
(a)Co79.5Sn20.5, (b)Co76Sn24 and (c) Co78Sn22
³|' ex CoH exSM dHMxG
0
0
DP                                                  (4-7)
Calculated by the parameters in Table 4-3, ¨ GM(DCo)=-23J/mol. Compared with
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chemical Gibbs free energy ¨ GV=3041J/mol, ¨GM is so small that its effect on the 
thermodynamics of nucleation can be neglected. The Hartmann number, Ha,
calculated for Co79.5Sn20.5 is 78, which is much more smaller than the value of Cu in 
12T magnetic field, indicating the field does have some effects on the suppression of 
convection flow, however, the effect is not so strong for avoiding nucleation.
Unlike Co, undercooled Co-Sn melt is in a paramagnetic state, the application of 
magnetic field cannot make the melt strongly magnetized. The melt is slightly 
elongated along the direction of the field due to demagnetizing effect, but compared 
with Co, it’s effect on promoting nucleation is still very weak. So the undercooling of 
Co-Sn alloys is not affected by the external magnetic field, even it is very strong.
4.2 Effect of magnetic field on the recalescence process
The Curie temperature of metallic materials is below their liquid line temperature, 
thus the magnetic state is constrained in solid state. The atomic movement in solid 
materials is strictly restricted, and long range magnetic ordering has been proved to 
exist in liquid alloys, however, until now there are only a few experimental results 
referring to this topic. 
As we have discussed above, magnetic field has no obvious effect on the 
undercooling of pure Co and Co-Sn binary alloys. The DCo phase precipitates after 
large undercooling is in ferromagnetic state, and its solidification process will be 
strongly influenced by the magnetic field. In this section, we have investigated the 
effect of ferromagnetic phase transition on the recalescence process in magnetic field.
4.2.1 Effect of magnetic field on the recalescence of deeply
undercooled Co
When the undercooled melt approaches the nucleation temperature, recalescence 
happens combined by latent heat release due to rapid solidification. Recalescence 
accompanies the whole solidification process and determines the volume fraction of 
the solid phase. TR (Fig 4-3) is characterized as the maximum temperature after 
recalescence, and we define, ¨ T
R-N
=TR-TN, to describe the recalescence extent of 
undercooled melt during non-equilibrium solidification, the larger the recalescence 
extent, the larger the heat releases and temperature increases after nucleation. Strong 
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magnetic field has no effect on the undercooling of pure Co undercooled melt 
(marked as ‘’ in Fig 4-5), which means the nucleation temperature is not affected by 
magnetic field for Co. However, seen from Fig 4-5 (marked as ‘ ’ in Fig 4-5), the 
recalescence extent is obviously influenced by the magnetic field. Without magnetic 
field, the recalescence extent is 91ºC, and when a 12T static magnetic field is applied, 
¨TR-N turned to 23ºC. The application of magnetic field leads to 75% decrease of 
¨TR-N. According to the model proposed by YANG [YANG09a, YANG09b], the 
maximum temperature after recalescence can be calculated based on the conservation 
of heat flow and solute. During the recalescence process, the solidification turns from 
non-equilibrium to equilibrium based on the calculation results of Gibbs free energy 
difference of solid and liquid phase. When a static magnetic field is applied, the 
magnetic Gibbs free energy can increase the total energy of the system. Then the heat 
effect at the same nucleation temperature in magnetic field is reduced, and leads to the 
decrease of the maximum temperature. However, in the present case the low magnetic 
Gibbs energy can only take very limited effect on the energy of whole system. Thus 
abrupt decrease of heat release during recalescence should attribute to other factors. 
One possible reason is that the growth of grain or dendrites is restricted by the field 
once the ferromagnetic particles are precipitated. Thus the amount of the temperature 
increase is weakened because the latent heat release speed is delayed by magnetic 
field. But as we can see from Fig 4-5, the suppressing effect of the recalescence extent 
is obvious and stable by the external magnetic field, there must exist an underlying 
mechanism which can account for the temperature decrease during recalescence.
4.2.2 Effect of magnetic field on the recalescence of deeply
undercooled Co-Sn
Fig 4-7 is the curves of ¨T and ¨TR-N as a function of cyclic heating times for 
Co79.5Sn20.5 alloy in different magnetic fields. The undercooling is stable regardless of 
the external magnetic field (Fig 4-7(a)), while the recalescence extent is obviously 
changed when the field intensity is changed. The mean undercooling is close to 270ºC, 
which is larger than the value (244ºC) reported by Wei et al [WEI93], indicating the 
excellent purifying effect of fluxed glass in the present equipment. The effective 
nucleation sites are removed to the upper limit for fluxing method, and the diversity 
keeps very little with very good reproducibility during the cyclic process. Under this 
CHAPTER 4 EFFECT OF MAGNETIC FIELD ON THE UNDERCOOLABILITY OF UNDERCOOLED MELT 
- 64 - 
 
condition, the undercooled melt is in a relative stable state, and the effect of the 
fluxing glass on the nucleation process in magnetic field can be neglected. 
For the recalescence extent variations in magnetic field, it can be seen in Fig
4-7(b) that, the field intensity has very limited effect when the intensity is below 4T, 
and ¨ TR-N fluctuates around 204ºC. With the increasing field intensity, ¨ TR-N
decreases rapidly. The mean value in 8T is 180 ºC, and in 12T, ¨ T
R-N
=163ºC which is 
nearly 40 ºC lower than the mean value without magnetic field. Afterwards, the mean 
recalescence extent increases again when the field intensity is changed to lower value. 
The chemical Gibbs free energy increases with the increasing undercooling of the 
undercooled melt. When the melt solidifies at the maximum undercooling, latent heat 
is released rapidly due to the fast crystallization speed. For Co79.5Sn20.5 alloy, its 
maximum undercooling is not affected by magnetic field, which means the latent heat 
accumulated before solidification is the same, and the heat release/temperature 
increase effect should be the same if magnetic field has no effect on the recalescence 
process. In 12T magnetic field, recalescence extent is reduced by 20%, indicating the 
magnetic field has imposed strong effect on the solidification process, especially for 
the ferromagnetic phase formed during crystallization (For paramagnetic pure Cu, the 
recalescence extent is affected only by undercooling irrespective of field intensity). 
The solidification process of deeply undercooled Co-Sn melt is determined to be less 
than 60 ms (from TN to TR), thus the process for the rapid nucleation and growth 
combined with latent heat release can be treated as adiabatic. When a magnetic field is
applied, the decrease of ¨ TR-N indicates the heat release during recalescence is 
reduced which leads to the lowered maximum recalescence temperature, TR.
The microstructure formed at undercoolings above 200ºC consists of non-regular 
Į&R DQG ȕ&R3Sn2 eutectics for Co79.5Sn20.5 DOOR\ 7KH KHDW HQWKDOS\ IRU Į&R DQG
ȕ&R3Sn2 are different, which means the heat release will be different when the volume 
IUDFWLRQ RI WKHVH WZR SKDVHV DUH GLIIHUHQW 7KH PDJQHWLF SURSHUWLHV IRU Į&R DQG
ȕ&R3Sn2 DUHTXLWHGLIIHUHQWDQGLQWKHVDPHPDJQHWLFILHOGWKHPDJQHWL]DWLRQRIĮ&R
LV PXFK ODUJHU WKDQ ȕ&R3Sn2 since it is in ferromagnetic state. Fig 4-8 is the 
PLFURVWUXFWXUHWKHGDUNSKDVHLVĮ&RDQGWKHZKLWHSKDVHLVȕ&R3Sn2) of Co79.5Sn20.5 
alloy solidified at the undercooling of 267ºC in different magnetic fields. The volume 
IUDFWLRQ RI Į&R SKDVH EDVHG RQ LPDJH DQDO\VLV LV   UHVSHFWLYHO\
indLFDWLQJH[WHUQDOPDJQHWLFILHOGFDQHQKDQFHWKHSUHFLSLWDWLRQRIIHUURPDJQHWLFĮ&R
SKDVH7KHIRUPDWLRQHQWKDOS\RIȕ&R3Sn2 (-16.0kJ/mol [NIES88]) indicating much 
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Fig 4-7 (a) Undercooling and (b) recalescence extent of Co79.5Sn20.5 alloy as a function of cyclic 
heating times solidified under different magnetic field
Fig 4-8 Microstructure of Co79.5Sn20.5 alloy solidified under different magnetic fields: (a) 0T, 
¨TR-N=202ºC and (b)12T, T¨R-N=161 ºC. The undercooling is ¨T=267 ºC
KLJKHU KHDW ZLOO UHOHDVH WKDQ Į&R SKDVH -11.6kJ/mol[LIU04]), and larger volume 
IUDFWLRQ RI Į&RPHDQV OHVV ȕ&R3Sn2 and less latent heat release. Thus, the external 
(b) (a) 
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field causes the reduction of recalescence extent by reducing the volume fraction of 
ȕ&R3Sn2 phase.
4.2.3 The recalescence behavior of Co-Sn alloys with 
different compositions in strong magnetic field
With the increasing Sn content in Co-Sn near eutectic alloys, the volume fraction 
of ferromagnetic DCo phase decreases, indicating the effect of magnetic field on 
recalescence process will be influenced by its composition. Fig 4-9 is ¨TR-N as a 
function of cyclic heating times of Co76Sn24 and Co72Sn28 alloys in 0 and 12T 
magnetic field. It can be seen that, the same as Co79.5Sn20.5 alloy, the magnetic field 
typically affects the recalescence extent. Without magnetic field, ¨TR-N for Co76Sn24 is 
150ºC and decreases to 115ºC when undercooled in 12T magnetic field. With the 
increasing cyclic heating times, the effect of the magnetic field on ¨TR-N is weakened, 
finally stable at 100ºC. As for Co72Sn28 alloy, the effect of magnetic field on ¨TR-N is 
much smaller. When a 12T magnetic field is applied, the stable undercooling is 5ºC 
lowered. Thus we can conclude that with the increasing Sn content or decreasing Co, 
the magnetic effect on the recalescence behavior becomes smaller. Fig 4-10 is the 
solidified microstructure of Co72Sn28 in 0 and 12T magnetic field. The same as the 
structure obtained in Fig 4-8, the application of magnetic field increase the volume 
IUDFWLRQRIWKHIHUURPDJQHWLFĮ&RSKDVHOHDGLQJWRWKHGHFUHDVHGKHDWUHOHDVHGXULQJ
recalescence.
4.3 Effect of gradient magnetic field on the undercoolability
4.3.1 Effect of gradient magnetic field on the 
undercoolability of Cu
Fig 4-11 illustrates the undercooling and recalescence extent as a function of 
cyclic heating times of pure Cu in 0 and 9294Gauss/cm (field intensity at sample 
position is 6.23T) gradient magnetic field. Different from the results obtained in static 
magnetic field (shown in Fig 4-2), the undercooling of pure Cu in gradient magnetic 
field has the following characteristics. Firstly, the application of gradient magnetic 
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Fig 4-9 ¨TR-N vs cycling times of (a)Co76Sn24 and (b)Co72Sn28 alloys in different magnetic fields.
Fig 4-10 Microstructure of undercooled Co72Sn28 alloys solidified in (a) 0T, ¨Ta=223ć,
¨TR-N=120ć and (b) 12T, T¨b=215ć, ¨TR-N=107ć
field can obviously increase the stability of the undercooling. Without magnetic field, 
there is large diversity for the undercooling. Secondly, there is no uniform trend to 
describe the gradient field effect on the undercooling of Cu. When the gradient field is 
firstly applied, there are no changes for the undercooling, and the undercooling keeps 
stable even when the field is removed. When the gradient field is applied again at the 
23
rd
cycle, the undercooling largely increases and a maximum value, 275ºC, is 
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obtained at the 32
nd
cycle. Then the undercooling becomes rather unstable when the 
gradient field is applied and there is no regular law to describe the variations. In static 
magnetic field, the undercooling can be increased due to the suppression of the 
convection in the melt until the melt is in a relatively stable state. And the final stable 
undercooling is not affected by the field intensity and heating times. When a gradient 
field is applied, the field can directly impose a magnetic force to the undercooled melt. 
Pure Cu is a diamagnetic material, and the magnetic force exerted on the sample is 
reversing the direction of gravity. The fluxing glass, mainly B2O3, also will move by 
the force exerted by the gradient field, leading to contact variation between fluxing 
glass and Cu melt. All the above factors can change the purifying effect of glass slag, 
thus causing the non-regular undercooling variations of Cu in gradient magnetic field.
Fig 4-11 Undercooling and recalescence extent of Cu at different cycling times in different
magnetic gradient fields, 12T means the maximum field in the magnetic and the field gradient and 
intensity in the sample position are 6.23T and 9294Gauss/cm, respectively.
4.3.2 Effect of gradient magnetic field on the 
undercoolability of Co
Fig 4-12 illustrates the undercooling and recalescence extent as a function of 
cyclic heating times of pure Co in 0 and 9294Gauss/cm (field intensity at sample 
position is 6.23T) gradient magnetic field. It can be seen that the same as in static 
magnetic field, the undercooling of pure Co is not affected by gradient magnetic field. 
However, different from that in static magnetic field, the recalescence extent of pure 
Co is also not affected by gradient magnetic field. According to the analysis in 
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Chapter 3, in gradient magnetic field, lotus like morphology with peaks and valleys 
are formed when pure Co was solidified, indicating the melt is in a rather irregular 
shape before its solidification and this maybe one of the reason that can cause the 
difference.
In 9294Gauss/cm gradient magnetic field, the field intensity is 6.23T. Compared 
with the data in Fig 4-5 which is obtained in 12T static magnetic field, the field has 
much smaller effect on the sample thermodynamically. That is to say, the field has less 
effect on avoiding the heterogeneous nucleation in the melt. And when the 
undercooling melt approaches the Curie point, the increased magnetization causes the 
increase of static magnetic energy and leads to the severe morphology change. And 
the sharps formed at the tips of this unique morphology can act as the nucleation sites. 
So thermodynamically the gradient field can avoid the nucleation while the 
complicated shape can cause heterogeneous nucleation in the melt.
Fig 4-12 Undercooling and recalescence extent of Co at different cycling times in different 
magnetic gradient fields. 12T means the maximum field in the magnetic and the field gradient and 
intensity in the sample position are 6.23T and 9294Gauss/cm, respectively
4.3.3 Effect of gradient magnetic field on the
undercoolability of Co-Sn
Fig 4-13 illustrates the undercooling and recalescence extent as a function of 
cyclic heating times of Co-Sn alloys in 0 and 9294Gauss/cm gradient magnetic field. 
The recalescence behaviors of Co-Sn alloys are obviously affected by the external 
magnetic field and the undercooling decreases while the recalescence extent increases 
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when the external gradient field is applied. The variations for different alloys are 
shown in Table 4-4.
For near eutectic Co-Sn alloy, the volume fraFWLRQ RI IHUURPDJQHWLF Į&R SKDVH
decreases with the increasing Sn content. As discussed before, the ferromagnetic 
phase can play an important role during the recalescence process. In static magnetic 
field, the undercooling keeps unchanged while in gradient magnetic field, the mean 
undercooling decreases 23ºC for Co79.5Sn20.5. According to the magnetization 
measurement, Co79.5Sn20.5 undercooled melt is still in paramagnetic state, however, 
the undercooled melt still bears a magnetic force in strong gradient magnetic field 
which can change the shape of the sample. Fig 4-14 shows the solidified picture of
Co79.5Sn20.5 alloy in 9294Gauss/cm gradient magnetic field, it can be seen that the
Table 4-4 Undercooling and recalescence extent of Co-Sn alloys under 0 and 9294Gauss/cm 
gradient field
Alloy Composition Co79.5Sn20.5 Co76Sn24 Co72Sn28
Gradient field (Gauss/cm) 0 9294 0 9294 0 9294
¨T (ć) 265 242 246 232 222 215
¨TR-N(ć) 189 193 177 194 133 148
sample is compressed to a pie shape. Thermodynamically, magnetic field has very 
limited effect on the variation of the undercooling of Co-Sn alloys, no matter in static 
or gradient magnetic field. Here, for Co-Sn alloys, the paramagnetic state of the 
sample let the field exert a compressing force along the field direction while the 
diamagnetic fluxing glass is levitated at the same gradient field, which means the 
purifying effect of the glass slag on the undercooled melt is weakened. The increase 
of the recalescence extent should be the same mechanism as that in static magnetic 
field, which is attributed to the volume fraction variations caused by the external field.
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Fig 4-13 Undercooling and recalescence extent of Co-Sn alloys at different cyclic heating times in 
different gradient magnetic fields (a)Co79.5Sn20.5, (b) Co76Sn24, (c) Co72Sn28. 12T means the 
maximum field in the magnetic and the field gradient and intensity in the sample position are 
6.23T and 9294Gauss/cm, respectively
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Fig 4-14 Image of Co79.5Sn20.5 alloy solidified under 9294Gauss/cm gradient field.
4.4 Mechanism of magnetic field on the nucleation in 
undercooled melt
Based on the above results and discussions, it can be seen that the strong 
static/gradient magnetic field can exert different affects for different metals and alloys. 
For paramagnetic metals and alloys, strong magnetic field can suppress the 
convection flow in the undercooled melt, thus enhance the undercoolability. And for 
alloys containing ferromagnetic phase after solidification, the undercooling is affected 
by the Gibbs free energy difference during solidification and the nature of the 
magnetic field (e.g. static, gradient) and intensity also can strongly affect the 
solidification process. 
(1) Thermodynamic effect on the undercooled melt in magnetic field
Strong magnetic field can directly change the thermodynamic state of materials, 
and even the phase transition temperature can be changed by magnetic field due to 
magnetic susceptibility difference of different phases. When a phase transition process 
contains a ferromagnetic phase, magnetic field in the order of 10T can obviously 
change the transition temperature. Depending on the magnetic properties of the melt, 
the effect of magnetic field on the thermodynamic state of undercooled melt can be 
classified as follows.
Firstly, the magnetization of melt is larger than the solidified solid phase. In this 
case, 'ȤS-L<0, the application of magnetic field can reduce the energy of the system, 
and enhance the thermodynamic stability of the melt.
Secondly, when the undercooled melt is in paramagnetic state, 'ȤS-L>0, the 
application of magnetic field can increase the energy of whole system, which can 
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promote the nucleation process and reduce the thermal stability of the melt.
Finally, for paramagnetic and diamagnetic materials, since the magnetic 
susceptibility difference between the solid and liquid phase is very small, magnetic 
field can affect the undercooling behavior, but the mean undercooling of the stable 
undercooled melt is nearly unchanged.
(2) Physical effect of magnetic field on the nucleation of undercooled melt
Two main factors are considered here, the suppression of the convection flow in 
the melt and the movement of glass slag, sample and morphology changes by external 
magnetic field on purifying effect for heterogeneous nucleation. Magnetic field can 
control the convection in the melt, and for different metals and alloy, the difference in 
electric conductivity, magnetic susceptibility and viscosity can affect the suppression 
effect of magnetic field on convection flow. Depending on the nature of the glass slag 
and undercooled melt, external field especially for gradient magnetic field can exert 
magnetic force directly on the sample which can change the purifying effect of glass 
slag on the removing of the impurities in the melt which can cause heterogeneous 
nucleation.
4.5 Summary
(1)Strong magnetic field has a strong effect on the nucleation temperature of 
undercooled melt, and different metals and alloys show different behaviors in 12T 
magnetic field. For pure Cu, magnetic field can enhance the undercoolability at the 
beginning, and when the undercooled melt is in a stable state, the magnetic field has 
no typical effect on its undercooling.
(2)The undercooling of pure Co is not affected by static magnetic field, but its 
recalescence extent is strongly depressed by static magnetic field. When there is no 
magnetic field, ¨TR-N§&DQGLWGHFUHDVHVto 23ºC when solidified in 12T magnetic 
field. 
(3)The undercooling of Co-Sn near eutectic alloys is not affected by static 
magnetic field, and the recalescence extent decreases when solidified in static 
magnetic field, and the effect increases with the increasing Co content.
(4)The undercooling of pure Cu shows no stable relation with gradient magnetic 
field. In gradient magnetic field, the undercooling and recalescence extent of pure Co 
keep unchanged. Gradient magnetic field can depress the undercooling and enhance 
the recalescence extent of Co-Sn alloys.
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CHAPTER 5 SOLIDIFIED MICROSTRUCTURE 
OF UNDERCOOLED CO-SN ALLOY IN STRONG 
MAGNETIC FIELD
Solidification of deeply undercooled melt is an extreme process which is far from 
equilibrium state. When receiving certain thermodynamic undercooling, rapid 
solidification known as recalescence happens. Different from equilibrium 
solidification process, the heat and mass transportation are intrinsically different for 
non-equilibrium process, and the solidified phases, morphology and distribution, size 
of the phase are always varies with the undercooling.
According to previous investigation, the application of strong magnetic field can 
affect the undercoolability and recalescence process of undercooled melt. Also, the 
magnetization changes with the undercooling. Thus, the magnetic field should also 
have strong effect on the solidified microstructure. In this chapter, we will 
systematically investigate the solidification behaviors of Co-Sn alloys in strong 
magnetic field.
5.1 Cooling curve and solidified microstructure of 
undercooled Co-Sn eutectic alloys
5.1.1 Cooling curve
According to the phase diagram of binary Co-Sn alloy [OKAM06] (shown in Fig
2-6) the eutectic composition is Co79.5Sn20.5. However, some recent research results
[LIU09, LIU11a] show that there are still lots of primary DCo phase precipitated at
this composition, indicating it is still a hypoeutectic composition, and the eutectic 
point determined is close to Co76Sn24.
Fig 5-1 is the typical solidification temperature curve of hypoeutectic Co79.5Sn20.5
alloy. Two recalescence peaks are found for the alloy solidified at low undercoolings
(Fig 5-1(a)). The first one (TN1) is the recalescence representing the precipitation of DCo phase, and the second one (TN2) is the solidification of eutectic phase. 
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Fig 5-1 Typical solidification curves of Co-Sn alloy solidified under strong magnetic field. (a) 
Specific undercooling achieved by holding at certain temperature below melting point. (b) Natural 
cooling curve measured at certain cooling rate
The sharp peak of the first recalescence curve indicates that the nucleation and growth 
of primary DCo phase is relatively fast while the flat second peak shows the eutectic 
formation process is very slow due to the temperature increase caused by latent heat 
release. At large undercoolings, shown in Fig 5-1(b), one strong recalescence is 
deteced, showing the fast solidification process.
The solidification temperature curves of near eutectic Co76Sn24 and hypereutectic 
Co72Sn28 alloys are the same as Co79.5Sn20.5 alloy at large undercoolings (Fig 5-1(b)),
and the recalescence is composed of a sharp recalescence peak. The temperature 
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profiles of Co76Sn24 and Co72Sn28 alloys show only one recalescence peak, as it is 
shown in Fig 5-2. For Co76Sn24 alloy, the composition is close to the eutectic point, 
thus there is no obvious primary phase formed in the solidification process and there
Fig 5-2 Typical solidification curves of Co-Sn alloys, (a) Co76Sn24 and (b) Co72Sn28
is only one peak denoting the formation of eutectics. But for Co72Sn28 alloys, before 
WKHIRUPDWLRQRIHXWHFWLFSKDVHȕ&R3Sn2 phase will pre-precipitate first, however, as it 
can be seen in Fig 5-2(b) there is only one recalescence peak, indicating the formation 
RISULPDU\ȕ&R3Sn2 phase and eutectic phase are nearly at the same time.
When the undercooled alloys are solidified in high magnetic field, according to 
the results in former chapters, the nucleation and maximum recalescence temperature 
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can be affected by the application of field. As it was shown in the solidification curves, 
a typical characteristic was that the shape of the recalescence peak was unchanged 
while the maximum recalescence peak temperature was altered.
5.1.2 Solidified microstructure
The microstructure of the eutectic phase in Co-Sn binary alloy is DCo and ECo3Sn2, and the equilibrium microstructure of Co-Sn hypoeutectic alloys after 
solidification is primary DCo and regular (DCo+ECo3Sn2) eutectics (shown in Fig
5-3(a)). As for Co-Sn hypereutectic alloy, the equilibrium microstructure is ECo3Sn2
and regular (DCo+ECo3Sn2) eutectics (shown in Fig 5-3(b)).
Fig 5-3 Solidified microstructures of Co-Sn alloys, (a) Co76Sn24 and (b) Co72Sn28. The black phase 
is primary DCo and the white phase is ECo3Sn2.
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After Co-Sn alloys solidified, the primary DCo (FCC) phase and ECo3Sn2 (HCP) 
phase undergoes solid phase transitions at lower temperatures, and phases with 
GLIIHUHQWFU\VWDO VWUXFWXUH İ&R +&3DQGDCo3Sn2 are formed, respectively. In this 
chapter, we only discuss about DCo and ECo3Sn2 phase, and the formatLRQRIİ&RDQGDCo3Sn2 have no effect on the morphology and volume fraction of DCo and ECo3Sn2 
phases.
5.2 Microstructure evolution of undercooled Co-Sn eutectic 
alloys under magnetic field
The undercooling of undercooled melt determines the solidified microstructure of 
metals and alloys. When the melt solidifies in strong magnetic field, the final 
microstructure will be obviously affected by the field, especially when there is a
ferromagnetic phase. Compared with other alloys, the Curie temperature of Co alloys 
can be up to 1121ºC. Due to the difference between the melting point (Tm) and Curie 
temperature (TC), ¨T=Tm-TC, is smaller than other alloy systems, Co-based alloys are 
the most promising alloys which can be undercooled below their Curie point. The 
Curie temperature of Co-Sn near eutectic alloys measured is among 1050-1090 ºC, 
and only a small undercooling (60 ºC below its melting point, 1110 ºC) is required for 
undercool the alloy below the curie temperature of the solid phase. Here, three alloy 
composition Co79.5Sn2.5, Co76Sn24, and Co72Sn28 have been studied, and the 
microstructures evolution with and without magnetic field at different undercoolings 
are discussed.
5.2.1 Co-Sn hypoeutectic alloy
5.2.1.1 The microstructure evolution of Co79.5Sn20.5 alloy without 
magnetic field
Fig 5-4 is the optical microstructures of Co79.5Sn20.5 alloys solidified at different 
undercoolings. The white phase in the figure is DCo, and the other phase which is 
etched (by etchant shown in Chapter 2) is ECo3Sn2 phase. With the increasing 
undercooling, as it can be seen from Fig 5-4, the microstructure evolution undergoes 
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the following processes: At low undercoolings (<40ºC), the microstructure of the 
alloy is primary DCo+lamellar (DCo+ECo3Sn2) eutectic phases. The primary DCo 
phase (shown in Fig 5-4(a)) is in a regular equiaxed dendrites morphology which is a 
typical microstructure formed by the remelting of dendrites during recalescence. With 
the increasing undercooling, the precipitation time between primary DCo and 
eutectics becomes less and finally there is only one recalescence peak. The remelting 
of dendrites cannot fully complete and the fragmented dendrites are kept after 
solidification (shown in Fig 5-4(b)). When the undercooling increases again, the 
volume fraction of primary DCo phase increases (shown in Fig 5-4(c)), and the alloy 
still consists of DCo+lamellar (DCo+ECo3Sn2) eutectic phases. When the 
undercooling is larger than 100 ºC, the eutectic colony starts to form and the final 
microstructure of the as solidified alloys is DCo+lamellar (DCo+ECo3Sn2) eutectic 
phases+eutectic colony. During the solidification process, the eutectic colony is 
formed before or nearly at the same time as the primary DCo phase, and then grow to 
big freely colony like structure which composes of anomalous (DCo+ECo3Sn2)
eutectic phases. After DCo dendrites grow from the periphery of the colony, between 
the dendrites, lamellar eutectic phases (DCo+ECo3Sn2) solidify at last (shown in Fig
5-4(d)). When the alloy solidifies at higher undercoolings, the volume fraction of 
primary DCo decreases, and finally disappears. The volume fraction of anomalous 
eutectics increase, and finally the whole sample is dominated by anomalous 
(DCo+ECo3Sn2) eutectic phases (shown in Fig 5-4(e)).
5.2.1.2 The microstructure evolution of Co79.5Sn20.5 alloy in 12T 
magnetic field
Fig 5-5 is the microstructure of Co79.5Sn20.5 alloy solidified in 12T magnetic 
field at different undercoolings. Compared with the microstructure formed without
magnetic field, two characteristics are shown in the figure. Firstly, primary DCo phase 
grows along the direction of magnetic field and forms chain like microstructure. 
Secondly, the characteristic undercoolings for evolution of DCo phase are altered by 
the magnetic field, and shift to low undercoolings. It can be seen from Fig 5-5(a) that 
the primary DCo phase is along the direction of magnetic field. The primary DCo 
phase is the first phase formed in the undercooled melt. During the recalescence 
process, the growth of solidified DCo phase is affected by the magnetic field. Due to 
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Fig 5-4 Microstructures of Co79.5Sn20.5 hypoeutectic alloy solidified at different undercoolings. (a) 
¨T=17ºC, (b) ¨T=46ºC, (c) ¨T=77ºC, (d) ¨T=147ºC, (e) ¨T=282ºC.
demagnizing field that depends on shape, the magnetic erengy of the phase is reduced
when its shape is elongated along the field line rather than spherical. Also, one can 
suspect that during growth, atoms or nuclei could be preferentially attracted to the 
magnetic pole of the ferromagnetic DCo and hence growth is promoted along the field 
direction. Thus the precipitated DCo will be elongated along the field direction due to 
the demagnetization effect. When the primary DCo dendrite is fragmented, they can 
move freely in the remained liquid. And the applied magnetic field can impose 
directly magnetic force on these dendrites which can force them align along the field 
direction. Also, fragmented dendrits can stack on each others and form long chains 
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parallel to the applied field. When the undercooling is larger, the DCo dendrite cannot 
fully remelt and become much finer. When the undercooling is up to 77ºC, the big 
anomalous eutectic colony which grows along the direction of magnetic field is 
observed. At the periphery of the colony, DCo dendrites grow along the field direction. 
Also, there are many free dendrites grown in the sample. The volume fraction of these 
free dendrites increases with the increasing undercooling, finally dominates the whole 
microstructure when the undercooling is up to 200ºC (shown in Fig 5-5(d)).
Fig 5-5 Solidified microstructure of undercooled Co79.5Sn20.5 alloy under magnetic field with field 
intensity 12T. (a) ¨T=9ć, (b) ¨T=28ć, (c) ¨T=77ć, (d) ¨7=200ć. The field direction is 
vertical in the picture.
5.2.1.3 Effect of magnetic field intensity on the microstructure 
evolution of Co79.5Sn20.5 alloy
(1) The primary DCo phase formed in different magnetic field
The ordering clusters are proved to exist in alloy melts. High temperature XRD 
analysis of Co79.5Sn20.5 alloy has found there are two kinds of clusters close to the 
VROLGLILHGĮ&RDQGȕ&R3Sn2 phase [SUN09]. When Co79.5Sn20.5 alloy melt is below the 
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melting point, the ordering structure in the melt will be strengthened by decreasing 
temperature. DCo is a ferromagnetic phase which has a much larger magnetization 
WKDQȕ&R3Sn2 phase in the same magnetic field. When DCo is solidified first in the 
melt, it is in ferromagnetic state when the temperature is below TC(S) (¨ T>50ºC). Its 
high magnetization let its shape and position change by external magnetic field. Fig
5-6 is the microstructure of Co79.5Sn20.5 alloy solidified in different magnetic fields at 
low undercoolings around 10ºC. Without magnetic field, the growth direction of 
dendrites is controlled by heat flow in the sample, forming the homogenous 
microstructure in Fig 5-6(a). When 0.5T magnetic field is applied, there are mainly 
two growth directions for DCo, one is along the direction of magnetic field, and 
another one should be along the heat flow direction during solidification. When the 
field intensity increases, DCo finally perfectly grows along the direction of magnetic 
field.
Fig 5-6 Solidified microstructure of undercooled Co79.5Sn20.5 alloys under different magnetic fields 
(a)¨T=8ºC, 0T; (b) ¨T=8ºC, 0.5T; (c) ¨T=11ºC, 1T; (d) ¨T=8ºC, 8T. The field direction is 
vertical in the picture.
Fig 5-7 shows the microstructure of Co79.5Sn20.5 alloys solidified with different 
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conditions. For the alloy solidified according to the temperature profile shown in Fig
5-7(a) where the solidification process is controlled at a constant undercooling, the 
primary Co phase has lost dendritic characteristic due to the remelting of dendrites 
arms in recalescence process. When the alloy solidifies according to the temperature 
profile shown in Fig 5-7(c) where the sample is naturally cooled in the furnace after 
WKHQXFOHDWLRQRISULPDU\Į&RSKDVHWKHSUHFLSLWDWLRQRIWKHHXWHFWLFSKDVHoccurs at a 
lower undercooling, and the dendrites is also aligned along the field direction. 
Compared with the microstructure shown in Fig 5-7(b), the dendritic microstructure 
formed after the first recalescence is textured along the field direction, but it does still 
exist many dendrites that deviate from the direction of the field direction. The growth 
of grains in magnetic field is affected by two factors, one is grain size and another one 
is time left for growth rotation (
2
0
23
BF KPSW ' ). The time permitted for the rotation of 
dendrites in Fig 5-7(d) is much smaller than that in Fig 5-7(a), so the effect of 
magnetic field on the grain alignment is smaller.
Fig 5-7 Microstructure of undercooled Co79.5Sn20.5 solidified under 12T magnetic field. (a, b) 
Rapid cooling after second recalescence finished, (c, d) Rapid cooling after first recalescence 
finished. The field direction is vertical in the picture.
7KHSUHFLSLWDWLRQRIVHFRQGDU\Į&RSKDVHLQVWURQJPDJQHWLFILHOG
For Co-Sn hypoeutectic alloys, at large undercoolings, the anomalous eutectic 
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colony forms firstly in the undercooled melt at large undercoolings, and then 
VHFRQGDU\Į&RSKDVHJURZVIURm the periphery of the colony, finally lamellar eutectic 
precipitates in the remained liquid. Fig 5-8 is the microstructure of Co79.5Sn20.5 alloys 
solidified at undercooling of 150ºC. It can be seen that, secondary Į&RSKDVHJURZV
radialy from colony without magnetic field (Fig 5-8(a)). In 4T magnetic field, the 
JURZWKRIWKHVHFRQGDU\Į&RGHQGULWHVLVFRQVWUDLQHGLQWKHGLUHFWLRQSHUSHQGLFXODUWR
the magnetic field (seen in Fig 5-8(b)). When the field intensity increased to 12T, the 
volume fraction of anomalous eutectic colony increases and the growth of secondary 
Į&RGHQGULWHV LVFRQVWUDLQHG7KHQZHFDQFRQFOXGH WKDWDW WKHVDPHXQGHUFRROLQJ
magnetic field enhances the formation of anomalous eutectic colony and reduces the 
IRUPDWLRQRIVHFRQGDU\Į&RSKDse.
Fig 5-8 Microstructure of undercooled Co79.5Sn20.5 alloy: (a)¨T=150ć, 0T, (b)¨T= 149ć,4T,(c) 
¨T=149ć, 12T. The field direction is vertical in the picture.
5.2.2 Co-Sn near eutectic alloy
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5.2.2.1 The microstructure evolution of Co76Sn24 alloy without 
magnetic field
Fig 5-9 shows microstructures of Co76Sn24 alloy solidified at different 
undercoolings. The microstructure evolution processes are as follows. At low 
undercoolings (¨ T<20ºC), a small volume fraction of primary Į&RSKDVHSUHFLSLWDWHV
first, and then is the formation of regular eutectics, denoting Co76Sn24 alloy is close to 
eutectic point but actually is still hypoeutectic alloy. When the undercooing increases 
to 25 ºC, seen in Fig 5-9(b), the solidified microstructure is fully lamellar regular 
eutectics. The anomalous eutectic colony formes at elevated undercoolings, e.g. when
¨T=161ºC, as shown in Fig 5-9(c), and lamellar eutectic grows from the periphery of 
WKH FRORQ\ LQVWHDG RI WKH VHFRQGDU\Į&RGHQGULWHV7KH YROXPH IUDFWLRQRI HXWHFWLF
colonies increases with increasing undercooling, and the lamellar eutectics solidify 
between the colonies.
Fig 5-9 Microstructure of undercooled Co76Sn24 alloys solidified at different undercoolings, 
˄a˅¨T=15ć,(b) ¨T=25ć,(c) ¨T=161ć,(d) ¨T=216ć
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5.2.2.2 The microstructure evolution of Co76Sn24 alloy in 12T 
magnetic field
Fig 5-10 is the microstructure of Co76Sn24 alloys solidified in 12T magnetic field 
at different undercoolings. At low undercoolings, there is a small volume fraction of 
Į&RSKDVHSUHFLSLWDWHG DORQJ WKHGLUHFWLRQRIPDJQHWLF ILHOG VKRZQ LQFig 5-10(a).
With the increasing undercooling, the volume fraction of anomalous eutectics 
LQFUHDVHVDQGVHFRQGDU\Į&RSKDVHSUHFLSLWDWHVDW WKHHQGRIFRORQLHVFig 5-10(b)). 
When the undercooling increases to 108ºC, shown in Fig 5-10(c), the solidified 
microstructure of Co76Sn24 alloy consists only two phases: regular and anomalous 
eutectics, those colonies growing along the direction of the field. At large 
undercoolings, the colonies touch each other and there is only a small volume fraction 
of regular lamellar eutectic forms between them (shown in Fig 5-10(d)).
 
Fig 5-10 Microstructure of undercooled Co76Sn24 alloys solidified under 12T magnetic field at 
different undercoolings: (a)¨T=29ºC, (b)¨T= 68ºC, (c) ¨T=108ºC, (d) ¨T=247ºC The field 
direction is vertical in the picture (except for (a)).
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5.2.2.3 Effect of magnetic field intensity on the microstructure 
evolution of Co76Sn24 alloy
Fig 5-11 shows the microstructure of Co76Sn24 alloys solidified in different 
magnetic fields. It can be seen from the figure that the magnetic field can strongly 
DIIHFW WKH SUHFLSLWDWLRQ WHPSHUDWXUH RI SULPDU\ Į&R SKDVH:LWKRXWPDJQHWLF ILHld, 
when the undercooling is 25ºC (shown in Fig 5-11(b)), the solidification 
microstructure is fully lamellar eutectics. When the sample solidifies in 4T magnetic 
field, the occurrence temperature foUĮ&RSKDVHH[WHQGVWRDERYHºC (shown in Fig
5-11(c)) and fully lamellar eutectic microstructure is obtained at the undercooling of 
52ºC (shown in Fig 5-11(d),Q7PDJQHWLFILHOGWKHĮ&RSKDVHLVVWLOOREVerved at 
the undercooling of 77ºC (shown in Fig 5-11(e) and fully eutectic microstructure is 
observed at the undercooling above 100ºC (shown in Fig 5-11(f)).
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Fig 5-11 Microstructure on longitudinal section (parallel to the magnetic field) of Co76Sn24 alloy 
solidified at different undercoolings under different magnetic field intensity: (a) ǻT=15ºC, (b)
ǻT=25ºC, 0T, (c) ǻT=40ºC, 4T, (d) ǻT=52ºC, 4T, (e) ǻT=77ºC, 12T, (f) ǻT=100ºC, 12T. Note 
that Į&RLVKRPRJHQHRXVO\GLVWULEXWHGLQDDQGWKHYROXPHIUDFWLRQGHFUHDVHVDQGORFDOL]HVDW
W\SLFDO]RQHRIWKHVDPSOHZHRQO\VKRZWKHDUHDZLWKĮ&RLQF e).
Compared with the microstructure solidified without magnetic field, the 
SUHFLSLWDWHGĮ&RSKDVHLVVWURQJO\DIIHFWHGE\H[WHUQDOPDJQHWLFILHOG7KHĮ&RSKDVH
is homogenously distributed in the sample solidified without magnetic field at low 
undercoolings, while the phase solidified in magnetic field is not homogenous but 
only exists in some local areas. In Fig 5-11ZHRQO\SURYLGH IRU WKHDUHDZLWKĮ&R
phase, but for the whole sample, other areas are almost eutectic microstructure. The 
PRUSKRORJ\ RI WKH Į&R SKDVH LV DOVR DOWHUHG E\ PDJQHWLF ILHOG:Lthout magnetic 
ILHOGĮ&RSKDVH LV W\SLFDO IUDJPHQWHGGHQGULWHVZKLFK LV LQ DQHTXLD[LHGGHQGULWLF
PRUSKRORJ\ %XW IRU WKH VDPSOH VROLGLILHG LQ VWURQJ H[WHUQDO PDJQHWLF ILHOG Į&R
phase can keep the dendritic morphology and be aligned along the magnetic field. At 
large undercoolings, ECo3Sn2 precipitates between the arms of DCo, forming 
dendrite-eutectic microstructure.
The chemical Gibbs free energy for Co-Sn near eutectic alloys, at large 
undercoolings, is much larger than magnetic Gibbs free energy, thus it is very difficult 
to explain the variation of the precipitation temperature of DCo phase in magnetic 
fields. The investigation on the phase transformation of steel in magnetic field shows 
WKDW ĮȖ WUDQVLWLRQ WHPSHUDWXUH LV FKDQJHG IRU aºC by the increasing intensity of
every 1T magnetic field [GARC10]. This means that the phase transition temperature 
can be changed 10-20ºC in 10T magnetic field. In this study, the precipitation 
temperature of DCo phase is extended more than 60 ºC. According to the theory for 
the growth of dendrites in undercooled melt, the undercooling is categorized into four 
parts: ¨TC, ¨Tt, ¨Tk and ¨Tr. At low undercoolings, the constituent undercooling, ¨ TC,
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provides the majority of whole undercooling. Because of the large magnetic 
susceptibility of DCo than ECo3Sn2 phase, magnetic field will impose much stronger 
effect on the movement of DCo phase. And for ¨ TC, according to Eq.(1-15), it will be 
strongly affected by the solute distribution coefficient. The magnetic field can 
enhance or retard the moving speed of DCo phase, and change the value of ¨ TC. At 
different fields, the variation of ¨ TC for DCo phase will increase with the increasing 
field intensity while the field has much less effect on the formation temperature of ECo3Sn2.
5.2.3 Co-Sn hypereutectic alloy
5.2.3.1 The microstructure evolution of Co72Sn28 alloy without 
magnetic field
Different from the two compositions investigated before, the primary phase 
formed in Co72Sn28 hypereutectic alloy is paramagnetic ECo3Sn2 phase. Fig 5-12
shows the microstructure of Co72Sn28 hypereutectic alloy solidified at different 
undercoolings. It can be seen from the figure that the microstructure of Co72Sn28 alloy 
solidified at low undercoolings consists of primary ECo3Sn2 dendritic phase and 
UHJXODU ODPHOODU Į&RECo3Sn2) eutectic phase. The primary ECo3Sn2 dendrites are 
firstly formed by the remelting of the dendrites during recalescence (seen in Fig
5-12(a)). With the increasing undercooling, the dendrites become finer and the 
dendritic morphology becomes more obvious since the time left for the rearrangement 
of fragmented dendrites is smaller at larger undercooling (seen from Fig 5-12(c)). 
When the undercooling is above 139ºC, shown in Fig 5-12(d), the striped colony 
consisting of anomalous eutectics is precipitated from undercooled melt. ECo3Sn2 
dendrites grow from the periphery of the colony, and regular eutectic solidifies from 
the remained liquid.
CHAPTER 5 SOLIDIFIED MICROSTRUCTURE OF UNDERCOOLED CO-SN ALLOY IN STRONG 
MAGNETIC FIELD 
- 91 - 
 
Fig 5-12 Microstructures of the undercooled Co72Sn28 alloy solidified at different undercooling 
conditions, (a) 18ć, (b) 45ć, (c) 105ć, (d) 139ć, (e) 220ć
5.2.3.2 The microstructure evolution of Co72Sn28 alloy in 12T 
magnetic field
In 12T magnetic field, the solidified microstructure of Co72Sn28 alloys is shown in 
Fig 5-13. Different from hypoeutectic alloy, the primary phase, ECo3Sn2, is not 
obviously aligned along the direction of the field, and is homogenously distributed in 
the whole sample. The microstructure is close to that formed without magnetic field, 
but there are still some differences. Firstly, the lamellar eutectics are aligned along the 
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field direction, seen in Fig 5-13(a). Secondly, the growth direction of anomalous 
eutectic colony is altered by external magnetic field. Instead of growing freely in the 
sample, the colony formed in 12T magnetic field grows in a same direction parallel or 
just has a angle along the direction of magnetic field. 
Fig 5-13 Microstructures of the undercooled Co72Sn28 alloy solidified at different undercoolings in 
12T magnetic field, (a) 18ºC, (b) 42ºC, (c) 65ºC, (d) 109ºC, (e) 139ºC, (f) 220ºC The field 
direction is vertical in the picture.
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5.3 Texture analysis of undercooled Co-Sn alloys solidified 
under magnetic field
Fig 5-14 is the XRD patterns of Co79.5Sn20.5 solidified at different undercoolings. 
The peaks detected are the typical phases formed in Co79.5Sn20.5 alloys, DCo and ECo3Sn2. The pattern also contains the peaks of [Co and DCo3Sn2 phases formed 
during solid state phase transformation (not shown here). Compared with standard 
PDF cards of DCo and ECo3Sn2, there exists two main peaks at the diffraction angle 
of 50.5° and 51.6°. With the increasing undercooling, the peaks existing in 51.6º 
become stronger. The peaks denoting ECo3Sn2 phase varies strongly with magnetic 
field, e.g. the peak in 35.5º ((101) crystal direction) becomes stronger when the 
undercooling increases while the peak in 70.3º ((103) crystal direction) becomes 
weaker.
Fig 5-14 XRD patterns of Co79.5Sn20.5 alloys solidified at different undercoolings
Figs 5-15 and 5-16 show the EBSD analysis results of Co79.5Sn20.5 alloy solidified 
at undercoolings of 17ºC and 266ºC, respectively. At low undercooling, the 
orientation of DCo and ECo3Sn2 are mainly in three directions (seen from Figs 5-15(b,
d) and 5-16(b, d)) while at large undercooling, the pole figure of these two phases are 
rather scattered without any notable orientation direction. Judging form misorientation 
angle distribution figure in low (Fig 5-15(e,f)) and high (Fig 5-16(e,f)) undercoolings, 
the misorientation angle for DCo phase and ECo3Sn2 phase formed at undercooling of 
17ºC concentrates in 0~25ºC and 0~5ºC, respectively. When ¨ T=282ºC, DCo and ECo3Sn2 are mainly big angle grains, and among the misorientation angle range, the 
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crystal orientation obeys statistical distribution. At low undercooling, seen from Fig
5-15(a, b), the DCo phase dendrites grow in the same direction, indicating they are 
formed by the fragmentation of the same dendrites. At large undercooling, seen from 
Fig 5-16(a, b), the solidified microstructure is anomalous eutectics, and the grain can 
grow along any direction they want, thus we have statistical distribution of different 
grains.
Fig 5-15 EBSD analysis of Co79.5Sn20.5 sample with an undercooling of 17ć.(a) EBSD pattern 
LQGH[HGWRĮ&RESROHfigXUHRIĮ&RF(%6'SDWWHUQLQGH[HGWRȕ&R3Sn2 phase; (d) 
(001) pole figXUHRIȕ&R3Sn2 SKDVHHPLVRULHQWDWLRQDQJOHGLVWULEXWLRQRIĮ&RJUDLQVI
PLVRULHQWDWLRQDQJOHGLVWULEXWLRQRIȕ&R3Sn2 phase.
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Fig 5-16 EBSD analysis of Co79.5Sn20.5 sample with an undercooling of 266ć.(a) EBSD pattern 
LQGH[HGWRĮ&RESROHfigXUHRIĮ&RF(%6'SDWWHUQLQGH[HGWRȕ&R3Sn2 phase; (d) 
(001) pole figXUHRIȕ&R3Sn2 phase; (e)misorientation angle diVWULEXWLRQRIĮ&RJUDLQVI
PLVRULHQWDWLRQDQJOHGLVWULEXWLRQRIȕ&R3Sn2 phase
Fig 5-17 shows the XRD patterns of Co79.5Sn20.5 alloys solidified at the 
undercooling of 75ºC in 12T magnetic field. The XRD patterns for the sample 
solidified along and perpendicular the field direction are not the same. The magnetic 
susceptibility of D&RSKDVHLVPXFKODUJHUWKDQȕ&R3Sn2 phase, and the magnetic field 
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can align the grain along the field direction. However, DCo cannot be textured by 
external field due to its FC&FU\VWDO VWUXFWXUH2WKHUZLVH IRUȕ&R3Sn2 phase which 
has a HCP crystal structure, it can be textured by the field due to the magnetic 
susceptibility difference in a and c direction of its crystal structure. Fig 5-18 shows 
the XRD patterns of Co79.5Sn20.5 alloys solidified at different undercoolings in 4T 
magnetic field. There is no much difference compared with the sample solidified 
without magnetic field. Figs 5-19 and 5-20 are the EBSD analysis results of 
Co79.5Sn20.5 alloys solidified at 17ºC and 271ºC. Different from that formed without 
magnetic field, the grain formed in the magnetic field at low undercooling, has no 
typical grain orientation. The grain misorientation angle is not constrained in low 
angles, seen from the misorientation angle map in Figs 5-19(e,f). And at large 
undercoolings, magnetic field has no effect on the orientation of DCo phase and 
ȕ&R3Sn2 phase.
Fig 5-17 XRD patterns of longitude and transverse direction of the solidified Co79.5Sn20.5 alloy 
with undercooling 75ć under 12T magnetic field
Fig 5-18 XRD patterns of longitude direction of the solidified Co79.5Sn20.5 alloys at different 
undercoolings under 4T magnetic field
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Fig 5-19 EBSD analysis of Co79.5Sn20.5 sample solidified under 12T magnetic field at an 
undercooling of 17ćD(%6'SDWWHUQLQGH[HGWRĮ&RESROHfigXUHRIĮ&RF(%6'
SDWWHUQLQGH[HGWRȕ&R3Sn2 phase; (d) (001) pole figXUHRIȕ&R3Sn2 phase; (e)misorientation angle 
GLVWULEXWLRQRIĮ&RJUDLQVIPLVRULHQWDWLRQDQJOHGLVWULEXWLRQRIȕ&R3Sn2 phase
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Fig 5-20 EBSD analysis of Co79.5Sn20.5 sample solidified under 12T magnetic field at an 
undercooling of 271ćD(%6'SDWWHUQLQGH[HGWRĮ&RESROHfigXUHRIĮ&RF(%6'
SDWWHUQLQGH[HGWRȕ&R3Sn2 phase; (d) (001) pole figXUHRIȕ&R3Sn2 phase; (e)misorientation angle 
GLVWULEXWLRQRIĮ&RJUDLQVIPLVRULHQWDWLRQDQJOHGLVWULEXWLRQRIȕ&R3Sn2 phase.
5.4 Summary
In this chapter, the undercooling experiments for Co-Sn alloys were carried out in 
different magnetic fields and the microstructure evolution process were investigated. 
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The main conclusions are as follows:
(1) The hypoeutectic Co79.5Sn20.5 alloy contains two recalescence peaks solidified at 
ORZ XQGHUFRROLQJV 7KH ILUVW RQH LV WKH SUHFLSLWDWLRQ RI SULPDU\ Į&R SKDVH DQG
then the formation of (DCo+ECo3Sn2) eutectics. The recalescence curves for near 
eutectic Co76Sn24 alloy and hypereutectic Co72Sn28 alloy consist of the same sharp 
peak.
(2) The microstructure evolution process of Co79.5Sn20.5 alloy is as follows. At low 
undercoolings (<40ºC), the microstructure of the alloy is primary DCo+lamellar 
(DCo+ECo3Sn2) eutectic phases. When the undercooling is larger than 100ºC, the 
eutectic colony starts to form and the final microstructure of the as solidified 
alloys is DCo+lamellar (DCo+ECo3Sn2) eutectic phases+eutectic colony. When the 
alloy solidifies at higher undercoolings, the volume fraction of primary DCo 
decreases, and finally disappears. The volume fraction of anomalous eutectics 
increases, and finally the whole sample is dominated by anomalous
(DCo+ECo3Sn2) eutectic phases.
(3) The external magnetic field can enhance the precipitation of DCo dendrite phase 
in Co76Sn24 near eutectic alloy. The primary DCo dendrite grows along the 
direction of magnetic field, forming chain like structure. The secondary DCo 
dendrite grows at the periphery of the eutectic colonies, and the critical 
undercooling for disappearance of DCo dendrite increases with the intensity of 
magnetic field.
(4) At low undercoolings, the solidified microstructure of Co72Sn28 hypereutectic 
alloy is primary ECo3Sn2 dendrite phase and lamellar eutectics. The equiaxed 
dendritic ECo3Sn2 phase is the outcomes of fragmented dendrites during the 
remelting process in the recalescence. With the increasing undercooling, the 
equiaxed dendritic ECo3Sn2 phase becomes smaller and the dendritic morphology 
becomes more obviously. The anomalous eutectic colony exists at elevated 
undercoolings, and the secondary dendritic ECo3Sn2 phase is precipitated at the 
end of the colony. When Co72Sn28 hypereutectic alloy is solidified in strong 
magnetic fields, ECo3Sn2 dendrites align weakly along the field direction at low 
undercoolings, and the lamellar eutectics also is aligned by the external field. 
When the undercooling is above 100ºC, the anomalous eutectics form and all the 
colonies are aligned by the external magnetic field.
(5) At low undercooling, the misorientation angle of DCo and ECo3Sn2 phase are 
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between 0~25ºC and 0~5ºC. And at large undercoolings, all the grain boundaries 
are big angle boundaries, and the misorientation angle obeys a statistical 
distribution. In 12T magnetic field, DCo phase formed at low undercoolings does 
not exhibit any orientation, and the misorientation angle distributes widely. The 
magnetic field has very limited effect on the texturing of DCo and ECo3Sn2 phase 
at large undercoolings.
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CHAPTER 6 ANOMALOUS EUTECTIC 
FORMATION IN UNDERCOOLED CO-SN 
ALLOYS UNDER STRONG MAGNETIC FIELD
The solidified microstructure of Co-Sn binary near eutectic alloys consists two 
SKDVHV IHUURPDJQHWLF Į&R SKDVH DQG SDUDPDJQHWLF ȕ&R3Sn2 phase. During the 
solidification process, the magnetic field can impose quite different effects on these 
two phases due to the magnetic susceptibility difference. For near eutectic Co-Sn 
binary aOOR\V RQFH VROLGLILHGĮ&RSKDVHKDVPXFKGLIIHUHQWPRUSKRORJ\ LQFOXGLQJ
primary dendrites (formed at the beginning of solidification), secondary dendrites 
IRUPHGDWWKHSHULSKHU\RIDQRPDORXVHXWHFWLFFRORQ\Į&RSKDVHLQUHJXODUODPHOODU
eutectics anG DQRPDORXV HXWHFWLFV 7KH KLJK PDJQHWL]DWLRQ RI Į&R SKDVH PDNHV LW
quite easy to be influenced by magnetic field, with effects on phase morphology and 
volume fraction. In this chapter, we have investigated the effect of magnetic field on 
the precipitation RIĮ&RSKDVHDQGWKHIRUPDWLRQPHFKDQLVPVRIDQRPDORXVHXWHFWLFV
 3UHFLSLWDWLRQ RI Į&R DQG LWV HIIHFW RQ WKH IRUPDWLRQ RI
eutectic microstructure
Fig 6-1 shows the microstructure of Co76Sn24 alloy solidified at small 
undercoolings in 0T and 4T magnetic field. At low undercoolings, they both form 
SULPDU\ Į&R GHQGULWH SKDVH DQG UHJXODU ODPHOODU Į&Rȕ&R3Sn2) eutectic phase. 
Without magnetic field, as seen in Fig 6-1(a)WKHSULPDU\Į&RSKDVHKDVDUDQGRPO\
distributed equiaxed dendritic morphology. In 4T magnetic field, as seen in Fig 6-1(b),
WKHSULPDU\Į&RSKDVHKDVHTXLD[HGDQGGHQGULWLFPRUSKRORJLHV DQG WKHJURZWKRI
the secondary arms of the dendrites is strengthened along the direction of magnetic 
field (see何䢵 in Fig 6-1(b)).
The pULPDU\Į&RSKDVHVKRZQLQFig 6-1(b) grows to certain angle (black dasher 
arrow) with the field direction, and the solidified lamellar eutectic consists two types, 
one is eutectic grains formed by lamellar eutectics (the area ķ shown in Fig6-1), 
and the otKHULVODPHOODUHXWHFWLFVIRUPHGEDVHGRQDĮ&RGHQGULWHWKHDUHD何䢴
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Fig 6-1 Microstructures of solidified Co76Sn24 alloy, (a) 'T=15ć, B=0T, (b) 'T=10ć, B=4T.
shown in Fig 6-17KHĮ&RGHQGULWHMXVWDVWKHERQHRIWKHHXWHFWLFJUDLQJUows in 
WKHFHQWHURIWKHJUDLQDQGȕ&R3Sn2 phase (EHWZHHQWKHVHFRQGDUPVRIĮ&RGHQGULWH)
forms radial like lamellar eutectics. 
Fig 6-2 shows the solidified microstructure of Co76Sn24 alloy at undercooling of 
40ºC in 4T magnetic field. Compared with the microstructure in Fig 6-1(b) Į&R
dendrite precipitated in the magnetic field has two characteristics. The first kind is 
close to the characteristics of dendrites shown in Fig 6-1(b), and the second one is a 
fishbone like dendrite, shown in Fig 6-2 (marked by ‘1’ and ‘2’), which is the bone of 
a eutectic grain. It can be seen that the fishbone dendrite is divided into several parts, 
as it is shown by the arrow marked by ‘1’ in the figure. The trunk of the dendrite 
separates into two nearly parallel elongaWHGĮ&RSKDVHVIURPµ¶WRWKHERWWRPRIWKH
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fishbone dendrite). The second arm of the dendrites can directly transform to regular 
lamellar eutectics, as shown by the arrow marked by ‘3’ in Fig 6-2. The dendrites 
shown by arrows in the area of ‘3’ and ‘5’ grow along the direction of the secondary 
dendrites arms marked by the arrow in area ‘1’. And along the direction of the arrow, 
the lamellar distance between the eutectics become larger, indicating all these 
dendrites are formed from the second arms of the dendrite shown in area ‘1’. The 
angle between the trunk and the second arm is always equal, and it can be seen from 
Fig 6-2 that the angle marked by T1 is about 40q. When look at the angles between the 
arms and the trunk, denoting as T2 and ș3, we can see that the value are quite different. 
Compared with ș3(70q), T2 (40q) is much smaller, and this difference could be caused 
by the magnetic force which force the arms rotate to the direction of magnetic field.
Fig 6-2 Microstructure of Co76Sn24 alloy solidified under 4T magnetic field, 'T=40ć
The microstructure of Co79.5Sn20.5 alloy solidified at the undercooling of 77ć in 
12T magnetic field is shown in Fig 6-37KHĮ&RGHQGULWHLVIRUPHGDWWKHSHULSKHU\
of anomalous eutectic colony (area ķ in the figure). After the formation of eutectic 
FRORQ\DWWKHEHJLQQLQJWKHUHLVQRREYLRXVPDLQWUXQNIRUĮ&RGHQGULWHPDUNHGE\
DUURZV µ¶ DQG µ¶ 7KH\ DUH YHU\ VLPLODU WR WKH SDUDOOHO HORQJDWHG Į&R GHQGULWHV
shown in Fig 6-2 (marked by arrow ‘4’), and have very developed secondary 
dendrites (marked by arrow ‘5’ 7KHUHDIWHU WKH Į&R GHQGULWH WUXQN IRUPV DQG WKH
secondary arms grow along the direction of the field (marked by arrow ‘6’). All the 
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dendrites growing from the colony are parallel with each other.
Fig 6-3 Microstructures of Co76Sn24 alloys solidified under 12T magnetic field, 'T=77ć
6.2 Mechanisms for anomalous eutectic formation in 
magnetic field
When the undercooling surpasses a certain value, anomalous eutectics are always 
formed in eutectic alloys systems [GOET98, LI08]. The mechanisms for the 
formation of anomalous eutectic are still a controversial topic. Based on the 
investigation of the anomalous eutectic formation in Ni-Sn alloy systems, Li [LI08,
LI07a] and Yang [YANG11] find two origins for the formation of anomalous eutectic. 
The fine grained anomalous eutectic structure stems from partial remelting of eutectic 
dendrites and subsequent recrystallization of the matrix from the remaining liquid. 
And the coarse grained anomalous eutectic structure stems from partial remelting of 
single phase dendrites and delayed crystallization of the matrix from the interdendritic 
liquid. Li and Kuribayashi [LI03] found there exist anomalous eutectic colony in 
Co-Sn eutectic alloy system regardless of undercooling, indicating the solidification 
process is nucleation controlled.
Fig 6-4 shows the typical eutectic microstructure of Co76Sn24 alloy. At low 
undercoolings, the regular lamellar eutectics are formed, as shown in Fig 6-4(a).
Anomalous eutectics are preferred for the microstructure solidified at large 
undercoolings, as shown in Fig 6-4(b). Different from the results by Li and 
Kuribayashi, we find the formation of anomalous eutectics is strongly affected by 
undercooling, and there are only lamellar eutectics which are found at low 
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undercoolings. As the undercooling increases, the anomalous eutectics are observed 
between the regular eutectics. Fig 6-5 shows the microstructure of Co76Sn24 alloy 
solidified at the undercooling of 62ºC. The lamellar and anomalous eutectics are 
observed and mixed with each other. The lamellar eutectics grow along the same 
direction, indicating they are from the same eutectic grain and the anomalous 
eutectics form the grain boundary of the subgrains in the big eutectic grain. 
Goetzinger et al [GOET98] find that the anomalous eutectics are the outcomes of the 
growth of lamellar eutectics. In Fig 6-5, it can be seen that the segments and branches 
in the lamellar eutectics can directly transform into anomalous eutectics. Meantime, 
the growth of anomalous eutectics is also unstable at the beginning, and can transform 
to regular lamellar eutectic. Thus the growth of regular and anomalous eutectics is 
interlaced in a eutectic grain.
Fig 6-4 Microstructures of solidified Co76Sn24 alloy, (a)regular lamellar eutectic, 'T=29ć
(b)anormalous eutectic, 'T=235ć
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Fig 6-5 Microstructures of solidified Co76Sn24 alloy, 'T=62ć
Fig 6-6 shows the microstructure of Co76Sn24 alloy solidified at the undercooling 
of 16ć in 12T magnetic field. Unlike the microstructure of Co76Sn24 alloy solidified 
at low undercoolings, there exist anomalous eutectics in the present figure, which 
means the magnetic field promotes the formation of anomalous eutectics. During the 
growth of eutectics, regular lamellar eutectics can transform to anomalous eutectic, 
seen the solid circle in the figure, and also anomalous eutectics can transform to 
regular lamellar eutectics, seen from the dashed circle in the figure. According to the 
growth direction of eutectics, lamellar eutectics grow along the direction of magnetic 
field, and with the growth progresses, the volume fraction of lamellar eutectics 
decreases.
Fig 6-6 Microstructure of solidified Co76Sn24 alloy under 12T magnetic field, 'T=16ć
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With the increasing undercooling, relatively large interface energy is stored 
during the formation of the fine eutectics, thus the reduction of interface energy can 
act as a driving force for the braking of lamellar eutectics [GOET98]. The 
neighboring fragments in the undercooled melt can form consecutive bulks by 
agglomeration and ripening effect. The fragmented lamellar can form consecutive 
bulks in magnetic field. The tips and branches on top of anomalous eutectics can 
directly grow into the melt, and reach the formation condition for coupling growth of 
lamellar eutectics anG JURZ LQWR ODPHOODU HXWHFWLFV ,Q VWURQJ PDJQHWLF ILHOG Į&R
phase undergoes much stronger effect by the field due to its high magnetic 
susceptibility, which will destroy the diffusion of solute condition for coupling 
eutectic growth. Then even in low undercooling, the regular lamellar eutectics can 
transform to anomalous eutectics in strong magnetic field.
Fig 6-7 is the microstructure of Co76Sn24 alloy solidified at undercooling of 
105qC. The anomalous eutectics can precipitate from the undercooled melt at large 
undercoolings (seen from area ‘1’ in Fig 6-7). With the growth of eutectic colony, 
anomalous eutectics can transform to lamellar eutectics (area ‘2’ in Fig 6-7). Then the 
melt comes into a mixed growth of regular and anomalous eutectics. Then regular 
lamellar radial growth eutectics are formed (area ‘3’ in Fig 6-7). With the increasing 
undercooling, seen from Fig 6-4(b), the mixed growth area for eutectics disappear and 
regular lamellar eutectics form between eutectics colonies.
Fig 6-7 Microstructure of solidified Co76Sn24 alloy, 'T=105ć
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7KHDUUDQJHPHQWRIĮ&RSKDVHLVYHU\ILQHDQGLQDUDWKHUGLVRUGHUVWDWH LQ7
magnetic field. Fine grained anomalous eutectics are formed by eutectic dendrites and 
recrystallized in the remained liquid. The application of 12T magnetic field promotes 
tKH SUHFLSLWDWLRQ RI IHUURPDJQHWLF Į&R SKDVH DQG UHVWUDLQV WKH SUHFLSLWDWLRQ RI
ȕ&R3Sn2 dendrites. Hence the fine grained anomalous eutectics become less after 
solidification. And for Co72Sn28 alloy solidified at the undercooling of 215ć, due to 
large magnHWLF IRUFH H[HUWHG RQ WKH Į&R SKDVH WKHPRYHPHQW RI LV HQKDQFHG WKXV
changing the initial arrangement. Due to the time limit of the fast solidification at 
ODUJHXQGHUFRROLQJĮ&RSKDVHLVVROLGLILHGEHIRUHLWLVDOLJQHGE\PDJQHWLFILHOGWKXV
forming the structure shown in Fig 6-8(b).
Fig 6-8 Microstructures of solidified Co72Sn28 alloy, (a)'T=223ć, B=0T, and (b)'T=215ć,
B=12T.
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6.3 Summary
(1) The solidified microstructure of Co76Sn24 alloy at low undercoolings in magnetic 
field has two characteristics. One kind consists in a regular lamellar eutectic grain, 
and another one is grown from a fishbone like DCo dendrite.
(2) The primary DCo phase is the first precipitated phase in the undercooled Co-Sn 
melt, which causes the formation of fishbone DCo dendritic phase in the center of 
eutectic grain and the secondary DCo dendrite phase at the periphery of anomalous 
eutectic colony. 
(3) The magnetic field enhances the formation of anomalous eutectics and eutectic 
colony in the undercooled melt. The solidified microstructure of Co76Sn24 alloy is 
regular lamellar eutectics at low undercoolings, and anomalous eutectics starts to 
precipitate between the lamellar eutectics at the undercooling of 62qC. In 12T 
magnetic field, the undercooling for the existence of anomalous eutectics decreases to 
16qC. During the growth of eutectics microstructure, regular and anomalous eutectics 
can transform to each other.
(4)The solidified microstructure of Co72Sn28 alloy solidified in 12T magnetic field at 
large undercoolings consists of fine grained anomalous eutectics and large amount of 
fragmented disordered DCo phases.
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CHAPTER 7 SUMMARY
This work has been devoted to the investigation of the effect of magnetic field on
the magnetic properties and solidification behavior of undercooled Co based alloys in 
high magnetic field. In this dissertation, we have built an undercooling facility with 
magnetization measurement system in a superconducting magnet, and have 
investigated the magnetic properties of the undercooled Co based alloys melt, 
undercoolability in magnetic field and the solidification microstructure variation at 
different undercoolings in magnetic field. Results of these are summarized as follows.
1. A new device system for magnetization measurement and solidification of deep 
undercooled melt in high magnetic fields has been developed in this work. The main 
advantages of this apparatus are: 1
st
, we can obtain large undercooling in high fields 
by glass fluxing technique in combination with cyclical superheating and 
supercooling method, which is comparable to the maximum undercooling obtained by 
traditional method. 2
nd
, we can have a controlled thermal history with linear heating 
and cooling speed with high accuracy. 3
rd
, the temperature and magnetization 
measurement system are fast and on-line, which is very suitable for the investigation 
of rapid solidification process of deeply undercooled melt. 
2. Magnetization of different undercooled metals and alloys show quite different 
behaviors. (1).The magnetization of undercooled Co melts increases with the 
increasing undercooling. The undercooled melt has a larger magnetization than that in 
solid state at the same temperature. When the temperature is close to the Curie 
temperature of the melt, the magnetization increased rapidly and a spike pattern can 
be seen on the surface of the sample solidified in magnetic field at large undercooling, 
like in ferrofluid submitted in external fields. The paramagnetic Curie temperature
calculated based on the solid Co during heating and liquid Co during cooling are:
șP(L)=1132.5q& DQG șP(S)=1120.5qC. (2). The magnetic properties of Co-B are 
affected by the overheating temperature. When the overheating temperature is below 
1420ć, the magnetization of the undercooled melt was close to the solid alloy, and 
the paramagnetic Curie temperature determined are: șP(L)=1066qC, and 
șP(S)=1073qC. When the overheating temperature surpasses 1420qC, the undercooled 
melt comes into completely paramagnetic state, and the liquid Curie temperature is 
1046qC, the alloy melt cannot undercooled into ferromagnetic state. (3). The 
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undercooled Co-Sn near eutectic alloy is in fully paramagnetic state, and the magnetic 
properties of the undercooled melt are not affected by the overheating temperature. 
The Curie temperature determined are: șP(L)=612.1q&DQGșP(S)=1062qC.
3. The nucleation temperature of undercooled melt can be affected by the strong 
static magnetic field, and different response happened when a 12T magnetic field was 
applied for different alloys. (1). The magnetic field is beneficial to the undercooling 
of pure Cu and this effect was weakened when the melt is in a near equilibrium state. 
(2).The undercooling of pure Co is not affected by static magnetic field, but its 
recalescence extent is strongly depressed by static magnetic field. When there is no 
magnetic field, ¨ T
R-N§& DQG LW GHFUHDVHV  WR & ZKHQ VROLGLILHG LQ 7
magnetic field. (3). The undercooling for Co-Sn alloys also keep unchanged when a 
strong magnetic field is applied while the recalescence extent is reduced. With the 
increasing Co content for Co-Sn eutectic systems, the effect of the magnetic field on 
the recalescence was strengthened. (4). IN gradient magnetic fields, the undercooling 
of pure Cu shows no stable relation with gradient magnetic field. In gradient magnetic 
field, the undercooling and recalescence extent of pure Co keep unchanged. Gradient 
magnetic field can depress the undercooling and enhance the recalescence extent of 
Co-Sn alloys.
4. The microstructure evolution process of Co79.5Sn20.5 alloy is as follows. At low 
undercoolings (<40ºC), the microstructure of the alloy is primary DCo+lamellar 
(DCo+ECo3Sn2) eutectic phases. When the undercooling is larger than 100ºC, the 
eutectic colony starts to form and the final microstructure of the as solidified alloys is DCo+lamellar (DCo+ECo3Sn2) eutectic phases+eutectic colony. When the alloy 
solidifies at higher undercoolings, the volume fraction of primary DCo decreases, and 
finally disappears. And the volume fraction of anomalous eutectics increases, and 
finally the whole sample is dominated by anomalous (DCo+ECo3Sn2) eutectic phases. 
5. The external magnetic field can enhance the precipitation of DCo dendrite 
phase in Co76Sn24 near eutectic alloy. The primary DCo dendrite grows along the 
direction of magnetic field, forming chain like structure. The secondary DCo dendrite 
grows at the periphery of the eutectic colonies, and the critical undercooling for 
disappearance of DCo dendrite increases with the intensity of magnetic field.
6. At low undercoolings, the solidified microstructure of Co72Sn28 hypereutectic 
alloy is primary ECo3Sn2 dendrite phase and lamellar eutectics. The equiaxed 
dendritic ECo3Sn2 phase is the outcomes of fragmented dendrites during the remelting 
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process in the recalescence. With the increasing undercooling, the equiaxed dendritic ECo3Sn2 phase becomes smaller and the dendritic morphology becomes more 
obviously. The anomalous eutectic colony exists at elevated undercoolings, and the 
secondary dendritic ECo3Sn2 phase is precipitated at the end of the colony. When 
Co72Sn28 hypereutectic alloy is solidified in strong magnetic fields, ECo3Sn2 dendrites 
align weakly along the field direction at low undercoolings, and the lamellar eutectics 
also is aligned by the external field. When the undercooling is above 100ºC, the 
anomalous eutectics form and all the colonies are aligned by the external magnetic 
field.
7. At low undercooling, the misorientation angle of DCo and ECo3Sn2 phase are 
between 0~25ºC and 0~5ºC. And at large undercoolings, all the grain boudaries are 
big angle boundaries, and the misorientation angle obeys a stastical distribution. In 
12T magnetic field, DCo phase formed at low undercoolings does not exhibit any 
orientation, and the misorientation angle distributes widely. The magnetic field has 
very limited effect on the texturing of DCo and ECo3Sn2 phase at large undercoolings.
8. The solidified microstructure of Co76Sn24 alloy at low undercoolings in 
magnetic field has two characteristics. One kind consists in a regular lamellar eutectic 
grain, and another one is grown from a fishbone like DCo dendrite. The primary DCo 
phase is the first precipitated phase in the undercooled Co-Sn melt, which causes the 
formation of fishbone DCo dendritic phase in the center of eutectic grain and the 
secondary DCo dendrite phase at the periphery of anomalous eutectic colony. 
9. The magnetic field enhances the formation of anomalous eutectics and eutectic 
colony in the undercooled melt. The solidified microstructure of Co76Sn24 alloy is 
regular lamellar eutectics at low undercoolings, and anomalous eutectics starts to 
precipitate between the lamellar eutectics at the undercooling of 62qC. In 12T 
magnetic field, the undercooling for the existence of anomalous eutectics decreases to 
16qC. During the growth of eutectics microstructure, regular and anomalous eutectics 
can transform to each other.
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Abstract 
This work is devoted to the investigation of the magnetic field effect on the magnetic 
properties and solidification behavior of undercooled Co based alloys in high magnetic field. Co 
based alloys are promising candidates to be undercooled below or approaching their Curie point in 
strong magnetic field due to their small  temperature difference between liquid line and Curie 
point. In this dissertation, a high temperature undercooling facility with magnetization 
measurement system is built in a superconducting magnet, and is used for in situ measurement of 
the magnetization of the undercooled melts and to studying the undercoolability and solidification 
microstructure evolution in magnetic field. The deep undercooled Co melt is strongly magnetized 
in magnetic fields, and its magnetization is even larger than the magnetization of heated solid at 
the same temperature. The magnetization of undercooled Co-B near eutectic alloy is related with 
overheating temperature while the undercooled Co-Sn melt is always in paramagnetic state. Mean 
undercooling and recalescence extent of different metals and alloys are affected by external
magnetic field. In uniform magnetic field, the undercooling of Cu is enhanced while the 
undercoolings of Co and Co-Sn keep constant. However, the recalescence extents of Co and 
Co-Sn alloys are reduced, and with the increasing Co content, the effect becomes larger. Magnetic 
field promotes the precipitation of DCo dendrite phase and the formation of anomalous eutectics 
in solidified microstructure of undercooled Co-Sn alloys. The microstructure evolution processes 
are affected by magnetic field depending on the field intensity and undercooling. This work opens 
a new way to investigate the magnetic properties of deeply undercooled metallic melts and 
non-equilibrium solidification in strong magnetic fields.
Résumé 
Ce travail est dédié à l’étude de l’effet des champs magnétiques sur les propriétés 
magnétiques et le comportement à la solidification d’alliages à base de Cobalt en surfusion sous 
champ magnétique intense. Les alliages à base Co sont d’excellents candidats pour obtenir une 
surfusion en dessous ou proche du point de Curie sous champ intense en raison du faible écart 
entre ce point de Curie et la température du liquidus. Dans cette étude, un dispositif haute 
température de surfusion intégrant une mesure magnétique a été construit dans un aimant 
supraconducteur, et est utilisé pour la mesure in situ de l’aimantation de liquides surfondus et pour 
l’étude du sur-refroidissement et de l’évolution de la microstructure de solidification en champ 
intense. Le cobalt liquide en surfusion est fortement magnétique sous champ, et son aimantation 
est même supérieure à celle du solide au chauffage à la même température. L’aimantation de 
l’alliage proche eutectique Co-B en surfusion dépend de la température de surchauffe, tandis que 
le Co-Sn en surfusion est toujours paramagnétique. La surfusion moyenne et l’étendue de la 
recalescence de différents métaux et alliages est affectée par un champ externe. En champ 
magnétique uniforme, la surfusion du Cuivre est amplifiée, tandis que la surfusion du Cobalt et de 
Co-Sn reste identique. Cependant, l’étendue de la recalescence du Cobalt et de Co-Sn est réduite, 
et l’effet est d’autant plus important pour des teneurs supérieures en Cobalt. Le champ magnétique 
promeut la précipitation de la phase dendritique DCo et la formation d’eutectique anormal dans la 
microstructure des alliages Co-Sn surfondus. Les processus d’évolution de la microstructure sont 
affectés par le champ magnétique, et dépendent de l’intensité du champ et de la surfusion. Ce 
travail offre de nouveaux horizons dans l’étude des propriétés magnétiques d’alliages métalliques 
en forte surfusion et dans l’étude de la solidification hors équilibre sous champ magnétique 
intense. 
